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Turbine Blade and Wheel Vibration 


By J. REEMAN, B.Sc., A.M.I.Mech.E., and G. A. LUCK, B.Sc., A.Inst.P 
G.E.C. Research Laboratories. 





INTRODUCTION. 


HE reliability of the 
large modern steam 
turbine is the result of 

steady and careful develop- 
ment over a period of years, 
and experience has proved 
that one essential for long- 
term trouble-free running is 
the complete elimination of 
dangerous wheel and blade 
vibrations. 

At first sight it would seem 
that in large steam turbines, 
with full steam admission to 
the stages and freedom from 
reciprocating motion, the 
periodic forces tending to 
excite vibration are slight and 
that vibration troubles should 
be of minor significance. Any 
departure from perfect uni- 
formity in steam velocity, 


conditions. 





Steam turbine wheels and their 
associated blading are subjected to 
periodic forces which may cause 
dangerous wheel and blade vibra- 
tions tc build up under certain 
The present article 
discusses the many different 
modes of vibration which may be 
excited and shows, from experi- 
ence gained over a number of 
years, the resonance conditions to 
be avoided. Once the frequency 
characteristics of the various types 
of wheels and blades have been 
determined, it 1s possible to avoid 
many major resonances by careful 
design. Mention 1s made of the 
precautionary routine tests car- 
ried out in the turbine research 
laboratory on fully bladed wheels 
before they are put into service. 


ing, but even so the exact 
determination of the alternat- 
ing stresses in the blades 
presents difficulties. Calcu- 
lations made by Allen and 
Emmert! show that the 
forced alternating bending 
stress, due to repeated load- 
ing and unloading of the 
blade, is appreciably higher 
than the steady mean stress. 
In fact, the maximum bend- 
ing stress may be three or 
four times that estimated on 
the basis of the steady applied 
load when the blade is pass- 
ing a nozzle group. Their 
calculations also show that it 
is particularly important to 
have the lowest natural fre- 
quency of the blading sub- 
stantially greater than the 
frequency of the impulsive 








pressure and temperature at 

outlet from the nozzles does, however, give 
rise to periodic forces acting on the blading. 
The magnitude of* these may be small, but 
should their frequency be the same as that of 
certain modes of natural vibration of the wheels 
and blades an amplitude of vibration may be 
built up which is sufficient to cause failure 
of the wheel, blade or coverband. Not much 
is known about the magnitude of these various 
periodic impulses acting on the bladed wheel, 
except possibly for the stage with partial ad- 
mission. [In this instance the blade is subject 
to a high bending load on passing one nozzle 
group and this load is completely removed 
before the blade meets the next nozzle group. 
From a knowledge of the mean steam velocity, 
pressure and temperature at outlet from a group 
of nozzles, an estimate can be obtained of the 
magnitude of this repeated loading and unload- 


force acting on the blades 
due to the nozzle groups. To satisfy this 
condition and also take care of the forced alter- 
nating bending stresses a short stiff blade is 
required. Fortunately there is usually no 
difficulty in fulfilling this requirement since 
partial admission is normally employed only in 
the first stages of the machine where the blade 
length is small. 

With full admission to the blading, the blade 
is subject to a much more uniform bending load, 
but, because of lack of uniformity in the steam 
flow round the nozzle annulus and the action of 
inertia forces due to rotation of the rotor, various 
periodic forces act on the blades and wheel. For 
instance, the lack of circumferential symmetry 
that exists in the exhaust casing or that caused 
by the horizontal joint in the diaphragms pro- 
duces periodic forces on the bladed wheel which 
have components of low frequency such as 
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has the advantage of elimin- 
ating these low frequency 
group vibrations. 

As is now well known, 
from the work done by 
various people, in particular 
by Stodola? and Campbell’, 
these nodal diameter vibra- 
tions can give serious trouble 
at certain “* major critical ”’ 
speeds when the lack of per- 
6 fect circumferential sym- 
metry in the forces acting 
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Fig. |.—Effect of centrifugal force on wheel frequencies. 


one, two, three, four and five times the running 
speed of the turbine. Although the magnitude 
of these low frequency periodic forces is small 
compared with that of the steady mean load, they 
are capable of exciting appreciable wheel and 
blade vibrations under certain conditions. 

For wheels where the blades are fitted with a 
continuous coverband the vibrations of lowest 
frequency (except possibly for the last LP stages 
of a large turbine) are those where movement of 
the disc and blades largely takes place in a 
direction normal to the plane of the wheel. 
These are generally referred to as axial disc 
vibrations. A large number of possible modes 
exist, but the ones of greatest importance are 
those where the pattern of vibration has two, 
three and four nodal diameters. With a dis- 
continuous coverband, tangential and axial 
vibrations of a group of blades can take place. 
The axial group vibrations are somewhat similar 
to the axial disc vibrations of a complete wheel 
and various modes exist which have frequencies 
not far removed from the frequency of a single 
blade vibrating in the condition where the root 
is clamped and the tip free. The lowest mode of 
the tangential group vibration is one where all 
the blades move in phase, approximately in the 
plane of the wheel, and again the frequency is not 
far removed from the frequency of a single blade 
vibrating in the condition where the root is 
clamped and the tip free. At Fraser and 
Chalmers Engineering Works it is customary 


vibration in the rotating 
wheel would be 100 cycles 
per second, and for the three nodal diameters 
vibration 150 cycles per second. In effect a 
major critical speed occurs when the frequency of 
an n nodal diameters vibration (F,, c.p.s.) in the 
rotating wheel is such that F, = nR where R 
is the rotational speed of the wheel in r.p.s. 
Some vibrations may be excited when F,, is 
any multiple of the running speed ; i.e. when 
F,, = mR, but except when m = n the vibrations 
in the wheel do not correspond to a stationary 
wave in space. Speeds where vibrations may 
arise when m is not equal to m are generally 
known as “ minor critical’? speeds and these 
seldom give serious trouble in the turbine. 
Apart from the lack of circumferential sym- 
metry which causes low frequency disturbing 
forces of from, say, one to five times the running 
speed, consideration of the flow from the nozzles 
indicates that a high frequency disturbance must 
arise from the nozzles themselves. Thus there 
is a region of lower steam velocity downstream 
of each nozzle trailing edge, due to the friction 
of the nozzle surfaces, and as the blade traverses 
this nozzle wake there is some fall off in steam 
force on the blade. Superimposed on the mean 
steam force on the blade there is, therefore, a 
ripple whose frequency relative to the moving 
blade is equal to sR, where s is the number of 
nozzle blades. Over most stages of a typical 
30 MW Fraser and Chalmers turbine the fre- 
quency of this ripple is between 2,000 and 6,000 
cycles per second. The form of vibrations ex- 
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cited by these high frequency periodic forces is 
generally one in which the disc plays little part 
and where the vibration is confined mainly to 
the blades and coverband. Vibrations of this 
nature are referred to as blade vibrations. Ex- 
perience has shown that where the frequency of 
this ripple, which may conveniently be defined 
as the nozzle impulse frequency, is equal to the 
frequency of certain forms of blade vibration at 
the running speed, early failures of the blading 
or coverband may be expected. 

Accurate measurement of blade frequencies 
in the range 2,000-6,000 cycles per second (40 
to 120 times the running speed) becomes just as 
important as the determination of the low fre- 
quency wheel vibrations (one to five times the 
running speed), since the best safeguard against 
possible blade vibration is to ensure that the 
nozzle impulse frequency is such that it does not 
excite the natural blade vibrations at the normal 
running speed of the turbine. Before dealing 
more fully with blade vibrations, a brief con- 
sideration of the experience gained on wheel 
testing is perhaps of interest. 


@ MEASURED VALUES OF FREQUENCY 
x CALCULATED VALUES OF FREQUENCY 


ALL WHEELS HAD THE SAME TYPE OF DISC 
BLADE LENGTH 3:55 ON WHEEL No. [5 
BLADE LENGTH 4:7°ON WHEEL No. {7 
BLADE LENGTH 6-4 ON WHEEL No. 19 
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Fig. 2.—Measured and calculated frequencies for some wheels on 


a 20 MW, 1,500 r.p.m. turbine. 
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WHEEL TESTING. 


The plant used at Fraser and Chalmers for 
testing for wheel vibrations with the wheel 
rotating at speed has been described in a previous 
article.* Since 1930 many vibration tests on 
wheels rotating at speed have been carried out in 
the special dynamic test equipment, and vibra- 
tion frequency measurements on non-rotating 
wheels have been made on approximately 1,000 
wheels, covering a wide range of different types. 

From the results of the tests on rotating wheels 
it is possible to make a fair estimate of the in- 
crease in frequency due to rotation of the wheel 
for two, three, four and five nodal diameters 
vibration. Theory indicates that if F,, is the 
frequency measured when the wheel is stationary, 
the frequency when the wheel is rotating at a 
speed of R revolutions per second is given by 
F,? = F,,* + KR’. 

The value of K depends on the design of the 
wheel and may generally be expected to be less 
for a wheel with long blades mounted on a small 
diameter disc. It is of interest to note that some 
theoretical calculations, which were made for a 
given type of disc carrying blades of various 
length and where the ratio of blade length 
to disc radius is the parameter chiefly 
affecting the variations of K with blade 
length, agree reasonably well with the 
measured values obtained from actual 
wheels, as shown in fig. 1. In the theoret- 
ical calculations the disc was assumed to 
be of hyperbolic section and the blades 
of constant section. 

Initially an attempt was also made to 
arrive at a theoretical method for comput- 
ing the wheel frequencies (this was based 
on the Rayleigh-Ritz method after first 
obtaining an approximate deflection form 
for the vibration). This theoretical ap- 
proach was, however, abandoned since, 
although good agreement between calcu- 
lated and measured values was obtained 
on some wheels, there was occasionally 
a difference between the calculated and 
measured values of nearly 20 per cent. An 
example of this is shown in fig. 2 where 
the measured and calculated frequencies 
are given for some wheels on a 20,000 kW, 
1,500 r.p.m. turbine. For number 17 
wheel the measured frequencies are near 
to those for No. 19 wheel whereas theory 
indicated that they should fall approxi- 
mately half-way between those for Nos. 
15 and 19 wheels. 

When allowance is made for the effect 
of centrifugal force on the wheel fre- 
quency, the frequency of the three nodal 
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MEASURED FREQUENCY FOR WHEEL No. 19 WHEN ROTATING AT 1500 R.P.M. . ° 
> eaten eee which have poor low frequency vibra- 


MEASURED FREQUENCY FOR WHEEL No. 19 WHEN STATIONARY BEFORE tion Characteristics and where complete 
© TUNING rotational testing is essential if low nodal 
Pong aa FOR WHEEL No. 19 WHEN ROTATING AT 1500 R.P.M. diameter vibrations are to be avoided 

a. MEASURED FREQUENCY FOR WHEEL No, 1S WHEN STATIONARY in the turbine. These wheels were for 
@ DENOTES POINTS WHERE FREQUENCIES f = n.R. a 1,500 r.p.m. machine and have discs 
which are thinner and of larger diameter 

than those now used inamodern 30 MW, 
3,000 r.p.m. turbine. With these flexible 
type discs the low nodal diameter wheel 
vibrations are a greater potential source 
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Fig. 3 (left).—Effect of tuning and centrifugal force on 
wheel frequencies. 











Fig. 4 (below).—Nodal diameter wheel vibration fre- 
quencies (static) for some H.P. wheels of a typical 3,000 
r.p.m., 30 MW set. 
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@ MEASURED STATIC WHEEL FREQUENCY (FREQUENCIES GREATER AT RUNNING 
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THE TURBINE HAD 22 H.P. STAGES AND THE SMALLER WHEELS (1)—(3) WERE 
NOT TESTED. OF THE OTHER H.P. WHEELS ONLY THOSE HAVING THE 
HIGHEST AND LOWEST FREQUENCIES ARE SHOWN. 
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diameters vibration for wheels 17 and 19, 
as shown in fig. 3, falls close to that of 
three times the running speed, i.e. the 
three nodal diameters major critical speed 
is near the running speed. Had the gy 
wheels been put in the turbine without 
modification the three nodal diameters 
vibration may well have caused a pre- 
mature failure, and it was therefore neces- 
sary to tune the wheels, by turning metal 
off the disc, to bring the three nodal dia- 
meters critical speed away from the 
normal running speed. The increase of 
frequency at full rotational speed and the 
effect of tuning No. 19 wheelis shownin 20 
fig. 3. The measured static frequencies 
for No. 15 wheel are also shown in this 
diagram, and it is obvious from their 
position in relation to the values of mR, 
shown on the impulse line, that the '™ | 
major criticals for 2-6 nodal diameters | | 
are well above the running speed. With | | 
such a wheel rotational vibration tests | 
are, of course, unnecessary. + | | } 

Wheels Nos. 17 and 19, referred to er 2 5 6 ? : 
in the previous figures, represent wheels NODAL DIAMETERS 
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of trouble than with the much stiffer discs in the 
modern 3,000 r.p.m., 30 MW set. In the latter 
turbine the nodal diameter wheel frequencies for 
all but the last few LP stages lie well above the 
impulse line in a way similar to that of the No. 15 
wheel shown in fig. 2. The measured static 
frequencies of a number of wheels in a typical 
30 MW two casing turbine are shown in figs. 4 
and 5. Although the design is such that the 
major critical speeds of 2-4 nodal diameters 
are well above the running speed, even on the 
larger LP wheels, static vibration wheel tests 
are normally made at Fraser and Chalmers on 
all LP wheels as a precautionary check against 
any wheel having an abnormally low frequency. 
Frequency measurements are, of course, made 
on wheels of new design but it is seldom neces- 
sary to carry out tests at full rotational speed. 
Since wheel vibration testing was first started, 
measurements have been taken on various wheels 
which have been in service for several years. 
On many of these, major critical speeds 
for five or more nodal diameters 
have been observed to be close 
to the running speed but, apart 
from one special instance which 
occurred in the works overspeed 500 


MEASURED STATIC FREQUENCIES (FREQUENCIES GREATER AT RUNNING 
e SPEED) 
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and these definitions still apply whether the 
blade is twisted or not. 

Blade vibration has been discussed by Camp- 
bell’ and others, but they have dealt chiefly with 
vibrations of long blades where the frequencies 
have been in the range 1-5 times the run- 
ning speed. With a continuous coverband, 
measurements have shown that the frequencies 
of vibration corresponding to the vibrations 
shown in fig. 6 come outside this range for all 
types of blade used on a 30 MW machine. One 
possible vibration which could come in this low 
frequency range for long blades is of the type 
shown in fig. 7, where all the blades move in 
phase and some tangential motion of the cover- 
band takes place. Attempts to excite this vibra- 
tion on fully coverbanded wheels (continuous 
coverband) tested in the laboratory have not been 
successful and so far there is no evidence of its 
having caused trouble in the turbine. It can be 
excited on small groups of blades where the ends 





tester where partial admission was 
used, no failures definitely associated 
with those high nodal diameter vibra- 
tions have ever been recorded. Also, 











since care has been taken to avoid the - 
major criticals of two, three and four 
nodal diameters, no failures have 
occurred which could be specified as 
due to wheel vibrations. 
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BLADE VIBRATION. 


Although blade vibrations may be 
considered to be vibrations where high 
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vibrational stresses are confined to the 
blading, and the frequency of the 
system is chiefly controlled by stiff- 
ness of the blading, this does not imply 
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a pure blade vibration as the conditions 100 
may equally well apply to a high nodal 
diameter axial wheel vibration. For 
a wheel with a continuous coverband, 
the concept of blade vibrations is 
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perhaps best obtained by reference 
to the modes of vibration of an isolated 
blade which is firmly clamped at the 
root and supported at the tip. With 
an isolated blade the lower modes of 
vibration, illustrated in fig. 6, are : 

(a) fundamental tangential vibration ; 

(b) fundamental axial vibration ; 

(c) fundamental torsional vibration ; 


2 3 4 5 ? 
NODAL DIAMETERS 


THE TURBINE HAD A DOUBLE FLOW EXHAUST WITH SIX LP. STAGES IN 
EACH HALF 
(STAGE) WHEN ALLOWANCE IS MADE FOR THE INCREASE IN FREQUENCY AT 
RUNNING SPEED. CRITICALS FOR 2 
OBVIOUSLY ABOVE THE RUNNING SPEED 


THE FIGURES ON THE CURVES DENOTE THE WHEEL NUMBERS 


3, AND 4 NODAL DIAMETERS ARE 


Fig. 5.—Nodal diameter vibration wheel frequencies 
(static) of the LP wheels of a typical 3,000 r.p.m., 


30 MW turbine. 
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of the coverband are free, and on wheels fitted 
with a discontinuous coverband. 

Since blade vibrations of the type shown in 
fig. 6 have frequencies many times that of the 
running speed, chief interest is centred on vibra- 
tions which may be excited by the nozzle im- 
pulse frequency. On blades of a length of 5 ins. 
and less, and of the type used on a typical 30 MW 
turbine, the vibrations to be considered corre- 
spond to the fundamental tangential and axial 
modes (types (a) and (b) in fig. 6) which have 
frequencies in the region 1,000-10,000 cycles per 
second. On longer blades the fundamental 
torsional and overtones of all types of vibration 
may have to be considered ; these latter vibra- 
tions become complicated with twisted and 
tapered blades. 

With an isolated blade firmly fixed at the root 
and supported at the tip, the fundamental 
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(c) TORSIONAL BLADE VIBRATION (FUNDAMENTAL) 
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Fig. 6 (left).—Types of blade vibration. 


Fig. 7 (above).—Vibration of blades in ap- 
proximately clamped-free condition with 
tangential movement of the cover-band. 


vibrations are well defined, and for 
blades of various iengths and the 
same profile, the measured values 
of frequencies for any particular 
mode would be expected to lie on a 
smooth curve when frequency is 
plotted against blade length. Under 
these ideal conditions theory indi- 
cates that the frequency would vary 
inversely as the square of the blade 
length, for types (a) and (b), and 
inversely as the length for type (c). 
When considering the blades on an 
actual turbine wheel the position is 
not so simple. At the tip the blades 
are all linked together by the cover- 
band and at the root the blades are 
riveted to a disc, which although stiff, 
does not give a rigid root fixation io 
the blade. For these reasons, and 
also since the root introduces diffi- 
culties in defining the effective length 
of the blade, the variation of fre- 
quency with blade length is something 
which has to be determined from 
actual measurements on blades of 
various length. Serious errors may 





a eS a eS a 6UlVlehlhCUYC 


ee 


i nA = 


mer mi wri BOLO 


“< 





TURBINE VIBRATION 185 


be introduced if calculations are 
relied upon to deduce the frequency 
for blades of 23 ins. in length from 


measurements on blades of twice = 


that length. 


Furthermore, because of the link- 9, 


age between blades on an actual 


wheel, there are, corresponding to 8. 


each fundamental mode of vibration 


of the isolated blade, a number of a 


blade vibrations with slightly differ- 
ent frequencies. In addition, there 
are slight variations in the stiffnesses 
of the disc, coverband and blade 
fixations and the frequencies obtained 
for some particular blade length on 
one wheel may differ from those 
measured on some other wheel. Thus, 3 
if the measured blade frequencies are 

plotted against blade length, they are 2 
more likely to fall within a certain 
band rather than fit on a single 
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Fig. 8 (left).—Measured blade frequencies 
on wheel (0-8 in. wide section). 


Fig. 9 (above).—Measured blade frequencies 
on wheel (1-0 in. wide section). 


Some measured frequencies, taken 
on a number of wheels fitted with 
blades of a standard section (twisted), 
are given in figs. 8 and 9 for two 
sections used on a number of 30 MW 
turbines. There is a certain spread 
of frequencies for the reasons just 
given, and an estimate of the varia- 
tion of frequency with blade length, 
down to blade lengths of 2? ins., was 
only possible after a large number of 
tests had been made on various wheels. 

Accurate data on the variation of 
blade frequency with blade length are 
of vital importance to the designer, 
so that the number of nozzles for any 
particular stage can be so chosen that 
the nozzle impulse frequency does 
not excite a possible dangerous blade 
vibration at the normal running speed 
of the turbine. 

For the particular sections whose 
frequency characteristics are given in 
figs. 8 and 9, this information was not 
available until several turbines employ- 
ing this type of blading had gone into 





186 G.E.C. JOURNAL 


service. Blade failures on some of these tur- 
bines did occur and it is therefore of particular 
interest, in view of our present knowledge of 
the vibration characteristics of the type of blading 
employed, to consider the relation between the 
nozzle impulse frequencies and the blade fre- 
quencies for the various stages in the turbine. 


BLADING FAILURES. 


A simple picture showing how the nozzle 
impulse frequencies of the various stages fall in 
relation to the blade frequencies is obtained by 
plotting, on a blade frequency-blade length 
diagram, the nozzle impulses corresponding to 
the blade length for each particular turbine stage. 
Fig. 10 shows this for two particular 30 MW 
turbines on which blade or coverband failures 
occurred after a limited period of running. 

On set 2, cracks in the coverband on Nos. 2A 
and 2B LP wheels were reported after approxi- 
mately two years’ service, but these were not 
considered as serious and no replacements were 
made. After a further six years’ service a close 
inspection of the blading on Nos. 2A and 2B 
wheels showed that a number of blades were 
cracked on both wheels. 

On set 1, many blade failures occurred on both 
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No. 2 LP wheels after approximately one year’s 
service and cracks in the blades and coverband 
were found on No. 22 HP wheel. From examina- 
tion of the blades on the No. 2 LP wheels there 
was little doubt of the nature of the vibration ; 
some had fractured about two thirds of the way 
up the blade with cracks starting from either the 
leading or trailing edges, others had fractured 
at the root and on some of these the cracks had 
started on the back of the blade (convex side) 
and are almost conclusive evidence of tangential 
blade vibration. A photograph of some of the 
broken blades is given in fig. 11. In general the 
nature of the fatigue fracture of a broken blade 
throws little light on the type of vibration 
causing the fracture, but it is of interest to note 
that coverband fractures can be just as indicative 
of blade vibration as are fractures of actual 
blades. 

It was also evident that the failures on the 
wheel on the alternator side of the LP rotor 
were much more severe than those on the tur- 
bine side. This fits in with the fact that the 
clearances between diaphragm and blade were 
less on the alternator end and indicates, as would 
be expected, that the magnitude of the nozzle 
impulses is greater the less the clearance. 
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Severity of the resonance blade vibration is 
therefore reduced by increasing blade-diaphragm 
clearances, but blade vibration is not thereby 
necessarily eliminated. 

Examination of the frequency diagrams, such 
as that shown in fig. 10, for a number of tur- 
bines shows that blade failures invariably arise if 
the tangential blade frequency is close to the 
nozzle impulse frequency at the normal operating 
speed. Even for comparatively short and stiff 


impulses exciting fundamental torsional blade 
vibration is unlikely to occur for blades below 
6 ins. in length. However, one failure on a blade 
9-3 ins. in length and untwisted section was 
definitely associated with a fundamental tor- 
sional vibration. In this instance measurements 
on the failed wheel showed that the nozzle 
impulse frequency at the normal running speed 
came within the range of the measured torsional 
blade vibrations. Examination of a failed blade 





Fig. 11.—Blade failures on No. 2 LP. wheel of a 30 MW turbine. 


blades the condition where the nozzle impulse 
frequency falls within the range of measured 
blade tangential frequencies is one to be avoided. 

Evidence tends to show that axial blade 
vibrations are not nearly so dangerous as the 
tangential blade vibration, since several turbines 
have given trouble-free running where the axial 
blade vibrations could well be excited by the 
nozzle impulse frequency. Nevertheless some 
failures on 10-15 “MW sets, installed between 
1926 and 1929, could be explained on the basis 
of axial blade vibration, although the evidence 
for these particular failures is not conclusive, 
since no measured blade frequencies were 
available on the particular sections used. In 
considering fig. 10, which shows that the nozzle 
impulse frequency for wheels No. 3A and B and 
23 for turbine 2 falls within the range of 
possibie axial blade vibrations, it should be 
remembered that the measured blade frequen- 
cies for the particular wheels may actually be 
well removed from the nozzle impulse frequency. 

Comments similar to those on the axial 
vibrations also apply to the fundamental tor- 
sional blade vibrations. The frequency diagrams 
in fig. 10 show that the possibility of the nozzle 


showed that a fatigue fracture had occurred 
near the root of the blade, probably starting from 
the blade trailing edge. 

For blades longer than 6 ins. it is the fre- 
quency of the torsional fundamental and the 
overtones of the tangential and axial vibrations 
that fall within the region of the nozzle impulse 
frequency. These higher mode vibrations of a 
twisted blade are often of a very complex pattern 
and cannot be simply defined in the same way 
as the higher modes on a beam of constant cross 
section. The last two or three LP stages, which 
use special blade sections, have to be treated 
separately and cannot be included in the general 
diagrams of fig. 10. So far there is no evidence 
to show how dangerous the overtone vibrations 
are, but static vibration tests are normally carried 
out on long-bladed LP wheels with a view to 
avoiding the possibility of having the nozzle 
impulse frequency close to the first and second 
overtones of the tangential and axial blade 
vibrations. Fig. 12 gives the measured static 
frequency of some blade vibrations on the last 
LP wheel (blade length 144 ins.) of a 30 MW 
set, and it shows that with long-bladed wheels 
it is almost impossible to avoid having the nozzle 
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impulse frequency near to that of some of the 
more complex modes of blade vibration. 


METHOD OF TEST. 


So far no serious attempt has been made to 
measure the effect of rotational speed on the 
frequency of the various types of blade vibration. 
The few tests made on long blades (tangential 
blade vibration frequency of approximately 
300-350 c.p.s.) showed that no great increase in 
frequency occurred up to full running speed. 
To some extent this 1s confirmed on short blades 
by the correlation between the failures which 
have occurred in the turbine due to tangential 
vibration, the nozzle impuise frequency and the 
measured static blade frequencies. It also agrees 
with theory which indicates that, for high blade 
frequencies, the change in frequency with 
rotational speed should be small compared with 
the actual blade frequency, provided no change 
in root or tip fixation occurs. In practice the 
blade root fixation has to be taken into con- 
sideration since any appreciable tightening of 
the root fixation, such as may well take place in 
blades with a dovetail attachment to the disc, 
can give an increase in blade frequency which is 
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not negligible. However, with the riveted fork 
type of root used by Fraser and Chalmers, there 
is no reason to suppose that any great increase 
in flexural root stiffness takes place with rotation 
of the wheel, provided that the rivets are tight 
initially. In the laboratory, therefore, testing 
has largely been confined to the measurement of 
the frequencies of blade vibration in stationary 
fully-bladed wheels and on groups of blades 
where the root and tip fixation is similar to that 
on actual wheels. Few tests are now made on 
isolated blades because of the difficulty in. ob- 
taining the appropriate tip and root conditions. 

To excite the blade vibrations, the armature 
of a moving coil vibrator—similar in principle to 
a moving coil loudspeaker unit—is attached 
through a small spindle to the blade under test. 
The coil of the vibrator is energised by a high 
frequency supply obtained from an electronic 
variable frequency oscillator and amplifier. The 
vibration of the blade is detected by an elec- 
tronic method which relies on the change in 
capacitance between the vibrating blade and a 
small plate placed in close proximity to the blade 
surface. The changes in capacitance change the 
frequency in a high frequency circuit, thus giving 
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a frequency modulated signal which is passed on 
to a discriminator. The amplified output from 
the discriminator is applied to the plates of a 
cathode ray tube and the amplitude of the wave 
track on the cathode ray tube gives an indication 
of the amplitude of vibration of the blade. The 
methods initially employed for detecting blade 
vibrations (mentioned in the earlier article) used 
amplitude modulation and, although satisfactory 








Fig. 13a (above).—Apparatus set 
up for measurements of blade 
frequencies on an actual wheel. 


Fig. |3b (right).—Arrangement 
for making measurements on 
groups of blades. 


at low frequencies, were not 
so suitable for detecting the 
small amplitudes of blade 
vibration at frequencies in 
excess of 3,000 c.p.s. 

By using 2 capacity pick- 
up and frequency modu- 
lation, high sensitivity is 
obtained and small vibra- 
tions at frequencies above 
10,000 c.p.s. can easily be 
detected. The accuracy 
of identifications of the 
mode of vibration, however, 


decreases as the frequency of the vibration 
increases. 

Fig. 13 shows the apparatus set up for test ; 
the vibrator is suspended by a flexible spring 
from a movable arm and can be readily attached 
to any blade. Amplifiers, oscillators and cathode 
ray tube are shown in the background. The 
electronic equipment used is commercially 
available from various manufacturers and, except 
in minor details, was not 
developed in the laboratory. 

The frequency of the 
time base on the cathode 
ray tube is controlled by 
a calibrated variable fre- 
quency oscillator. The 
frequency of the time 
base is therefore known 
and by adjusting this to 
be equal to, or some mul- 
tiple of, the frequency of 
vibration of the moving 
blade as applied to the Y 
plates of the cathode ray 
tube an accurate measure- 
ment of the frequency of 
the vibrating blade can be 
obtained. Alternatively 
the known frequency from 
the calibrated oscillator can 
be applied to the X plates 
(blade vibration on Y plates) 
and the known frequency 
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varied to be equal to some multiple of the blade 
vibration. When this is done a simple stationary 
pattern is obtained on the cathode ray tube. 
The frequency of the calibrated oscillator is 
frequently checked against that of a 1,000 cycle 
tuning fork. 

The spindle attachment to the blade is always 
made as near to the blade root as possible so that 
the effect of the attachment on blade frequency 
is negligible. Tests on an isolated blade showed 
that the attachment can cause a slight change in 
blade frequency but in tests on a wheel, or a 
group of blades, the vibration is not restricted to 
one single blade and so the effect of the attach- 
ment is much less than for an isolated blade. 

As a safeguard against possible blade vibration 
troubles routine tests are now normally made on 
all wheels where, in the initial design, the number 
of nozzles is such that the nozzle impulse fre- 
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Fig. 14.—Response of blade tangential vibration with 
excitation frequencies. 


October, 1951 


TESTS ON FAILED WHEEL (UNTWISTED BLADES 9:3 LONG) 


ORIGINAL NOZZLE IMPULSE FREQUENCY 3400 CPS. 
AT THE NORMAL OPERATING SPEED OF THE TURBINE 
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Fig. 15.—Response of blade torsional vibration with 
excitation frequency. 


quency is not greater than, say, + 20 per cent 
from an estimated fundamental blade vibration. 
If tests show that, on the actual wheel, the blade 
frequency would be unpleasantly close to the 
proposed nozzle impulse frequency the number 
of nozzle openings is changed. 

Identification of the mode of vibration is per- 
haps the most difficult part of the vibration test. 
For blades of 3-5 ins. in length the fundamentals 
are of chief interest and in ascending order of 
frequency these are, tangential, axial and tor- 
sional ; identification of these modes is generally 
possible. Should difficulties arise because of a 
certain spread in frequency, the attachment of 
the spindle to the blade can be altered so that 
the exciting force tends to excite one form of 
vibration more readily than others ; for instance 
with the spindle normal to the plane of the wheel, 
the exciting force has a distinct axial preference. 

With blades of greater length the frequency 
range of the torsional fundamental may not be 
greatly different from that of the first overtone 
tangential or axial and, in such instances, precise 
identification of the mode is not always possible. 

For the higher modes of vibration the position 
of the nodes can usually be determined by moving 
a small probe lightly over the surface of the 
blades and observing the effect on the amplitude 
of vibration. If the probe is not at a node, 
appreciable damping of the vibration takes place 
but at a node the probe has little or no effect. 


TESTS ON ACTUAL WHEELS. 

Fig. 14 shows the amplitude response obtained 
on the cathode ray tube as the exciting frequency 
to the blade is varied from 3,000 c.p.s. to 5,000 
c.p.s. The figure refers to the tangential vibra- 
tions of a blade on a fully rebladed wheel on 
which blade failures had been previously experi- 





Te ae 














TURBINE VIBRATION 19] 


enced. As originally designed, the frequency of 
the nozzle impulses for this stage was 4,500 
cycles per second at the normal running speed. 
After the blade failures a “‘ replace ” diaphragm 
was made with a smaller number of nozzle 
openings, giving an impulse frequency of 3,800 
c.p.s., and the test results on the repair wheel 
show that, at this frequency, little blade vibra- 
tion should be excited. 

The form of the response curve varies from 
wheel to wheel. From the few tests made on 
wheels which have been in service it would 
seem that these invariably show a peakier 
response curve than that normally obtained on 
new or rebladed wheels. The blade vibrations 
also appear to be more easily excited than on 
new wheels, and all this is consistent with the 
assumption that the damping in the system is 
reduced after the wheel has been in service for 
some time. Mention of this has been made in 
a Russian article® and it is of interest to note the 
peaky response curve shown in fig. 15 obtained 
from a wheel, before repair, where a blade 
failure had occurred due to the torsional vibra- 
tion being excited by the nozzle impulse fre- 
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Fig. 16.—Calculated forms of vibration (tangential 
clamped-pinned) for a group of five blades. 


quency. Attempts to measure damping have, 
however, shown such a wide scatter of results 
that the difference in damping may be associated 
with slight differences in the tightness of the 
riveting or with differences in the blading. 
Fig. 15 refers to blading of parallel section, 
whereas other test results have largely been 
obtained on blades of twisted section. 

One remarkable feature of the blade tests car- 
ried out on actual wheels has been the con- 
sistency of the results, as shown in figs. 8 and 9. 
Some scatter was expected, due to slight dif- 
ferences in blade root fixation and in the stiff- 
nesses of the discs. The general range of 
frequencies covered by the tangential funda- 
mental vibration, however, is not much greater 
than that which might be expected from theory. 


BLADE VIBRATION TESTS ON BLADE 

GROUPS. 

Some theoretical calculations were made on 
the tangential vibration of groups of untwisted 
blades, firmly fixed at the root and joined 
together at the tip by a coverband, to determine 
the various forms of vibration where any single 
blade can be considered as vibrating in approxi- 
mately the clamped-pinned condition (type (a) 
in fig. 6). An outline of the method, when the 
ends of the coverband are free, has been given 
by D. M. Smith’. In the calculations made at 
the Research Laboratories various end condi- 
tions were considered, some of which are more 
applicable to the conditions on a wheel with a 
continuous shroud band. It was found, however, 
that the end conditions of the coverband on the 
group has little effect on the range of vibrations 
for the type corresponding to the clamped- 
pinned vibration. Considering a group of five 
blades, with the ends of the coverband clamped, 
five types of vibration are possible with various 
phase relationships between the blades in the 
group as shown in fig. 16. The range of frequen- 
cies covered by these vibrations depends on the 
ratio of stiffness of the coverband to stiffness of 
the blade, and is approximately + 5 per cent 
for the types of coverband and blades used in 
the intermediate stages of the turbines. The 
highest frequency is that where all the blades 
move in phase and the lowest the one where the 
blades move in alternate phase. The calculations 
show that increasing the number of blades in 
the blade group to m increases the number of 
possible forms of vibration to n, but that the 
frequency range covered by these vibrations is 
approximately the same as that for five blades. 
With groups of less than five blades the fre- 
quency range decreases until with one blade there 
is only one type of vibration, and hence one 
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——— frequency, corresponding to the fundamental 
clamped-pinned form of blade vibration. 
As group tests offer a means of obtaining test 
data on new type blade sections in advance of 
re ERBANO.. the complete wheels, a number of tests have been 
ry made on groups of five blades. Initially these 
were made on a section on which test results on 
¥ fully bladed wheels were available, so that a 
check could be obtained on the reliability of 
O group tests, and later on groups with blades of 
other sections. The group of five blades was 
riveted to a plate and the tips fixed to a cover- 
band in a manner similar to that on the actual 
turbine wheel. Each end of the coverband was 
riveted to a stiff bar. An arrangement of such 
a group is shown in fig. 17. For the section 
0-8 in. wide, referred to in fig. 8, the length of 
| blade in the group was initially 4-16 ins. ; this 
| | was gradually reduced so that a plot of frequency 
| against blade length could be obtained. The 
| results of the frequency measurements made on 
| Uo al | EDGE OF CLAMPING |PLATE the fundamental tangential, axial and torsional 
| IN BLADE TESTER vibrations are given in fig. 18 and the agreement 
between these results for the group and those 
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Fig. |17.—Arrangement of group of five blades for test. 
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Fig. 18.—Tests on group of five blades 0-8 in. wide blade section. 
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obtained from tests on a fully bladed wheel is 
remarkably good. 

It is possible, therefore, with blades of new 
section, to obtain fairly reliable data on the 
frequency characteristics of the blading from 
tests on small groups of blades. Advance infor- 
mation can thus be made available to the 
designer and the number of nozzles in any par- 
ticular stage so chosen that the nozzle impulse 
frequency does not excite a fundamental blade 
vibration at the normal operating speed of the 
turbine. In dealing with overtone vibrations 
on the long blades the position is not quite so 
simple and the information which group tests 
would yield would not be of so much use in the 
early stages of design. The long blades in the last 
LP stages are generally of special sections and 
vibration tests on the fully bladed wheels are 
always made. 

Although by suitable design in a constant 
speed machine resonant frequencies can be 
avoided at the normal running speed, it is prob- 
ably quite impossible to avoid all minor reson- 
ances and, in a variable speed machine, even the 
avoidance of the major ones may be impractic- 
able over the whole speed range. Thus, apart 
from avoiding resonances, it is also necessary to 
consider means of reducing their danger should 
they occur at some speed at which the turbine 
has to operate. Two possible means of reducing 
the amplitude of the excited vibration are by a 
reduction in the magnitude of the exciting forces 
or by an increase in the damping of the vibration 
in the wheels and blades. 

The former is probably easier to attain in 
practice as measurements of the form of nozzle 
wake, at various distances back from the nozzle 
trailing edges, indicate that one effective way of 


reducing the magnitude of the nozzle impulses 
is an increase in clearance between nozzles and 
moving blades. As a precautionary measure 
higher axial clearances between nozzles and 
blades are generally used wherever vibration 
tests show minor resonances to occur close to 
the normal operating speed of the turbine. 

So far the knowledge on damping is too scanty 
to permit much use being made of it in design. 
From tests made it can be said that with a riveted 
form of root and coverband the damping in the 
root and tip fixations is much greater than that 
in the material itself, and internal damping in 
the material is probably of minor significance 
with a riveted blade fixation. 

As a concluding warning it should be noted 
that for the prevention of vibration troubles it is 
necessary to know what forms of vibration and 
what frequencies are dangerous. Mention has 
been made of some of the conditions to avoid— 
largely based on past experience—but the future 
may well show the picture to be much more 
complicated. 
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A Review of Progress in Electric Furnaces 


By D. M. DOVEY, M.A., A.R.I.C. and I. JENKINS, D.Sc., F.1.M. 


INTRODUCTION. 


ITH the exception of 
furnaces which make 
use of dielectric heat- 
ing all types of electric furn- 
aces and ovens develop their 
heat by the passage of cur- 
rent through a resistor in 
one of the following ways : 
by direct or induced currents 
within the charge itself ; by 
placing the charge in a liquid 
heated either by a current 
directly or by external re- 
sistors ; or the heat may be 
generated in resistors and 
transmitted to the charge by 
radiation and gas convection. 
All these methods are in use 
in this country to-day, and 
the various types of furnaces 
employed can be conven- 
iently classified as follows : 
Induction and dielectric- 
heating furnaces. 
Arc furnaces. 
Resistor furnaces. 
The various types of furn- 


aces and equipment discussed are shown in the 
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The number and diversity of 
industrial electric furnaces are 
steadily increasing. Their flex- 
ibility, accuracy, cleanliness and 
economy have all accounted for 
their growing popularity. 

In this article dielectric, arc 
and resistor heating are illus- 
trated by reference both to furn- 
aces in wide use and to furnaces 
of novel application and design. 

Development along many lines 
has provided the most economical 
equipment for any heat treat- 
ment operation. The furnace de- 
signer has thus made a valuable 
contribution to the efficient use of 
fuel in industry. 

Under the title of “‘ Progress 
Review No. 16 Electric Furnaces’ 
this article appeared in Vol. 
XXIV, No. 137, May 1951, of 
the Fournal of the Institute of 
Fuel by whose permission it 1s 
here reprinted. 








field ; in this case the energy 
results from dielectric losses 
within the material. The 
body to be heated is placed 
between a pair of metal plates 
to which a high-frequency 
voltage is applied. If the 
body is homogeneous and of 
uniform section it will be 
heated uniformly throughout; 
since almost all dielectrics 
are bad conductors of heat 
this method is particularly 
suitable for through-heating 
of thick sections of these 
materials. 


LOW-FREQUENCY INDUCTION 

FURNACES. 

A low-frequency furnace 
may be regarded as a trans- 
former in which the molten 
metal forms a short-circuited 
secondary winding, and is 
designed so as to give the 
best electrical coupling con- 
sistent with easy handling of 
the charge. Two well-known 


types are the Kjellin and the Ajax-Wyatt. In 











illustrations accompanying this article, which 
are all of installations for which the Company 
has been responsible. 


INDUCTION AND 
APPLIANCES. 
If a metal is placed in an alternating magnetic 

field the metal is heated by the currents induced 

in it. Heating by induction may be selected as 
the most economic or convenient method 
depending upon the size and nature of the charge 
and the heat treatment required.! 

Non-metals such as wood, rubber, plastics, 
etc., may be heated in an alternating electric 


DIELECTRIC-HEATING 


the Kjellin furnace the bath of metal forms a 
horizontal annulus around a vertical leg of the 
transformer on which the primary coil is wound. 
Furnaces of this type have been built to handle 
10 ton charges. 

In the Ajax-Wyatt furnace the core carrying 
the primary coil is horizontal, and is surrounded 
by vertical channels joined at the bottom and 
leading up to the bath proper. The molten metal 
circulates through these channels. Such furnaces 
operate at a frequency of about 5 or 10 cycles /sec. 
and the power input necessary is approximately 
50 per cent above that necessary to melt the 
charge, the loss being due mainly to radiation. 
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In recent years the use of the low-frequency 
induction furnace has been extended to the 
melting of aluminium and its alloys.2* Capaci- 
ties range from 450 to 6,000 Ibs., at ratings of 
20 to 500 kW respectively, the larger furnaces 
melting up to 2,500 lbs. of aluminium per hour. 
The power consumption is reported to be 
450 kWh per ton of metal melted. 

The low-frequency furnace was first developed 
for melting iron and steel, and it is still used for 
de-oxidation and refining or where melts of 
carefully controlled composition are required. 
A large number are in use in this country for 
the melting of brass, where the close tempera- 
ture control enables zinc loss by volatilisation 
to be kept to a minimum. These furnaces handle 
charges of up to | ton. 

Low-frequency furnaces were widely used in 
Germany during the period 1939 to 1945 for 
the melting of aluminium.‘ Melting capacity 
was of the order of 14 to 16 tons per 24 hours, 
the power consumption for a 400 kW furnace 
being approximately 500 kWh per ton. The 
most popular design was the type having four 
horizontal channels with three windings arranged 
as a three-phase transformer. The induction 
melting of aluminium is reported’ to result in 
a reduction in hydrogen absorption and of other 
impurities, particularly oxide inclusions and 
sulphur. In Germany the Ajax-Wyatt furnace 
was also used for melting zinc and for the semi- 
continuous casting of brass. 


HIGH-FREQUENCY FURNACES. 


There appears to be no accepted fixed limit 
to the frequency ranges described as low, 





\ oo 
+ ai 


Fig. |.—Soldering with a high-frequency generator. 





Fig. 2.—Inserting rocker pads into an induction 
heating furnace for surface hardening. 


medium and high frequency. In this section 
the term “high frequency” will be taken to 
imply frequencies above 500 cycles/sec., al- 
though the present tendency is to regard low 
frequency as being 50 to 1,000 cycles/sec., 
medium frequency 3,000 to 30,000 cycles/sec., 
and high frequency 100 kilo-cycles /sec. or above. 


Induction Heating. 


A high-frequency furnace must be 
designed so that the heating coil, which 
consists of a water-cooled copper tube, 
is placed as close to the charge as pos- 
sible, since the field strength and the 
degree of coupling fall away rapidly 
outside the proximity of the coil (fig. 1). 
An important characteristic of this 
type of heating is the fact that the 
current is flowing in a thin surface 
layer and gives rise to the surface 
heating effect. The higher the 
frequency the shallower is_ the 
depth of skin within which heat is 
generated. 

There are two main considerations 
governing the choice of frequency— 
the total power required and the type 
of heating. The total power required 
may decide whether a generator or a 
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The arc radiation furnace consists of a 
refractory-lined steel cylinder having two elec- 
trodes entering along the axis, and it 1s usually 
designed so that it may rock or rotate, thus 
increasing the rate and uniformity of heating. 
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Fig. 4.—Arc melting furnace. 


Non-ferrous metals and alloys and iron are 
melted in furnaces of this type, which have the 
following advantages: rapid heating ate ; 
accurate temperature control ; reasonable gas- 
tightness ; quick replacement of the furnace 
body if a different type of melt is required. The 
melting capacity of a unit of this type is usually 
within the range of 40 to 3,000 Ibs. 

The arc resistance furnace normally consists 
of a lined chamber with a removable roof through 
which the two carbon electrodes enter, the height 
of the electrodes above the bath being auto- 
matically controlled throughout the melting 
operation (fig. 4). The power consumption varies 
with the size of furnace, the power input and the 
charging practice, and may be as large as 8,000 
kVA for a charge of 30 tons. A second design 
of furnace employs a hearth electrode, so that 
the current passes from the electrode in the roof 
to the electrode in the hearth via the melt. 


RESISTOR FURNACES. 
In those industrial furnaces having solid 
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resistors the material used for the heating ele- 
ment depends largely upon the maximum 
working temperature, generally as follows : up 
to 1,000 degs. C. for 65/15/20 Ni/Cr/Fe; up 
to 1,150 degs. C. for 80/20 Ni/Cr; up to 
1,350 degs. C. for Cr/Fe/Al 
(Kanthal) or silicon carbide ; above 
1,400 degs. C. for carbon. 

By far the greater number of 
commercial resistor furnaces are 
built to operate at temperatures 
below 1,200 degs. C. 

During the last three or four years 
furnaces have been in operation using 
molten glass as the resistor for tem- 
peratures of 1,000 degs. C. to 1,500 
degs. C. The glass is contained in 
channels on each side of the hearth, 
and current is carried to the bath by 
carbon electrodes which are im- 
mersed in the glass. Such furnaces 
may be of either the batch or of the 
continuous type and have been used 
for the heating of billets, prior to 
forging and rolling. '* 


GENERAL TYPES OF FURNACES. 
BATCH FURNACES. 

There is a very wide variety of 
batch-type furnaces in industrial use 
at the present time, ranging from low- 
temperature convection ovens to the 
high-temperature furnaces used for 
annealing and hardening. Such fur- 
maces consist of a heated insulated 
container into which the charge is fed by 
suitable means. For convenience they may be 
classified as either of the vertical or of the 
horizontal type. 

Many of these furnaces of simple design are 
made for the heat treatment of material in air, 
but very many of them are designed for use with 
special furnace atmospheres. In this latter case 
precautions must be taken to ensure that the 
required atmosphere composition is maintained 
within the furnace chamber, and hence furnaces 
of this type often incorporate special features of 
design to ensure gas-tightness. 

A popular form of vertical furnace is the pit 
type (fig. 6) in which the charge is arranged 
vertically within the heating chamber and sus- 
pended from the head of the furnace. Such units 
may be provided with a centrifugal fan in the head 
to circulate the atmosphere inside the heating 
chamber, either for the purpose of convection 
heating or to promote any desired chemical 
reaction between the metal being heated and the 
furnace gases. If the charge is to be heated in 
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air it may be fed direct into the furnace chamber. 
If, on the other hand, it is to be heated in a 
special atmosphere a suitable heat-resisting 
container is provided in which the charge can 
be contained and which can be lowered into the 
furnace. Such a container is provided with a 
gastight seal and provision is also made for the 
circulation through the container of whatever 
special atmosphere is required. Fig 5 shows 
part of a large installation of furnaces of this 
type for bright annealing in a steelworks in 
South Wales. 

A very similar type is the bell furnace where 
the charge is loaded on to a fixed hearth, with 
or without an external heat-resisting cover. 
The furnace, in this case, is movable and is 
lowered over the assembled charge. The elevator 
furnace is also of the vertical type in which the 
charge is assembled on a suitable base and 
elevated into the furnace chamber, usually 
hydraulically. The furnace itself is suitably 
located in an elevated position on pillars. 

Horizontal furnaces range from the small 
batch types in which the material is charged into 
the heating chamber by hand, to the large units 
where special charging methods are employed. 
The latter may include a charging machine on 
which material for treatment is stacked upon 
metal arms which carry the charge into the 
furnace, lower it upon the hearth and then re- 
tract. Alternatively, the charge may be stacked 


upon a bogie hearth which is then moved into 
the furnace and forms the base of the heating 
chamber. When necessary, both of these fur- 
naces may be provided with seals to permit of 
their use with special atmospheres, or, alterna- 
tively, work can be enclosed in a heat-resisting 
container into which a special atmosphere is fed. 

Furnaces of the above types are used without 
any special sealing devices for the heat treatment 
of material which is either not appreciably 
oxidised by air, e.g. aluminium alloys, or where 
some degree of scaling is permissible, e.g. the 
annealing of forge castings, bar stock, etc. For 
certain applications, especially at temperatures 
below 600 degs. C., fans may be incorporated in 
the design in order to improve the rate of heating 
and the uniformity of temperature. '* 

Over the last decade many electrical cremation 
furnaces have been installed (fig. 7). These are 
fitted with fans which draw fresh air into the 
furnace, the air passages being arranged to permit 
some heat-interchange between the incoming air 
and the outgoing hot gases and to minimise the 
attack of the furnace resistors by the furnace 
gases. 

The rocking resistor furnace'* consists of a 
refractory-lined cylindrical steel shell mounted 
on four rollers with its long axis horizontal and 
having a central doorway for charging. A carbon 
element is held (along the furnace axis) by carbon 
blocks at each end, which are in turn screwed on 





Fig. 5.—Part of a large installation of vertical cylindrical furnaces for bright annealing. 
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to water-cooled holders. The furnace is used 
for the refining and superheating of cast irons 
and for steel or non-ferrous metal melting. The 
heating is not so intense locally as it is in the 
arc furnace. During heating the furnace may be 
rocked through an angle of 120°, thus increasing 
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of heat-resisting links pinned together. The 
pusher-tray furnace contains skids or rollers over 
which trays containing the charge are pushed ; 
the trays form a continuous line through the 
furnace and are pushed by gear at the charging 
end. The driven-roller hearth furnace carries 





Fig. 6.—Vertical cylindrical nitriding furnaces. 


the heating rate. Power consumption is 150 to 
180 kWh on a single-phase circuit at a current 
up to 5,000 amp. supplied from a tap-change 
transformer ; the average energy consumption 
for each ton of iron melted is 900 to 950 kWh. 
Usually the furnace has a capacity of 600 to 
1,200 Ibs. of molten cast iron and is operated at 
temperatures up to 1,550 degs. C. 


CONTINUOUS FURNACES. 


Many continuous furnaces are in use for the 
treatment of charges in air, but they may be 
readily adapted for treatment in a controlled 
atmosphere. The rotary-hearth type of furnace 
has an annular hearth carrying the charge, which 
is exposed to radiation from the sides. The 
charge 1s loaded and unloaded through doors 
adjacent to one another on the periphery of the 
hearth. Such furnaces may be used for the 
decoration or firing of pottery at temperatures 
up to 1,150 degs. C. 

The mesh belt furnace has an endless con- 
veyor of woven heat-resisting wire travelling 
through the furnace and back to the charging 
end. For heavier loads a chain-belt furnace may 
be employed, in which the conveyor ts constructed 


the charge on driven rollers suitably spaced 
through the length of the furnace, the material 
being fed directly on to the rollers. Where 
material may be handled in the strand form, such 
as wire or strip, this material may be fed through 


the furnace from uncoiling gear at the loading 


end on to coiling gear at the discharge end with- 
out being supported during its travel through 
the furnace. Such furnaces may be either 
vertical or horizontal. 

A furnace has been installed recently’ in 
which aluminium sheets are treated continuously 
on a rope conveyor. The loading and unloading 
conveyors have non-metallic ropes which are 
interlaced with the furnace conveyor. Heating 
is by hot-air circulation, the air being passed 
over heaters which are remote from the furnace 
chamber and then deflected over the work ; it 
is claimed that this design enables the sheet to 
be raised to the annealing temperature in two 
or three minutes and gives close control over 
the heat treatment. 


TREATMENT OF CHARGE IN A CON- 
TROLLED ATMOSPHERE. 


A large proportion of the finished metal used 
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Fig. 7.—Model of a radiant panel type cremator. 


to-day is heat-treated in a controlled atmosphere 
at some stage during manufacture. 

Controlled atmospheres were first developed 
for the protection of the surface finish of a metal 
during a heat treatment 
such as annealing. Some 
metals oxidise readily 
when heated in air, and 
atmospheres of a reducing 
nature were developed in 
which the charge could be 
heated without surface 
oxidation occurring. Ob- 
viously, the reducing 
power of an atmosphere 
must be increased for 
metals which are more 
readily oxidised. Thus 
silver may be annealed in 
air, copper in steam or 
carbon dioxide, mild steel 
in gases containing hydro- 
gen or carbon monoxide 
and stainless steel in very 
dry hydrogen. These four 
atmospheres are represen- 
tative of the types of 
atmosphere in which an- 
nealing is carried out. 


There are only a few sources from which 
controlled atmospheres may be conveniently 
prepared on the industrial scale, these being 
fuel gases and ammonia. The most commonly 
used fuel gas is town gas, which may be burnt 
with air in an exothermic burner to produce an 
atmosphere consisting of nitrogen, hydrogen, 
carbon monoxide, carbon dioxide and water 
vapour. By adjusting the ratio of air to gas fed 
into the burner the hydrogen and carbon mon- 
oxide may be eliminated from the burnt gases : 
the atmosphere thus produced is very suitable 
for the bright-annealing of copper. At a lower 
air-to-gas ratio a burnt gas containing appreciable 
quantities of hydrogen and carbon monoxide and 
suitable for bright-annealing steel can be gener- 
ated. If it is desired to generate a burnt gas of a 
still more reducing character, i.e. to remove the 
carbon dioxide and water vapour almost com- 
pletely, the generator must be externally heated. 

Ammonia may be used for producing a burnt 
gas containing nitrogen, hydrogen and water 
vapour in various proportions. A composition 
can be selected comparable with burnt town gas 
and suitable for the bright-annealing of mild 
steel. The ammonia is first cracked in a heated 
chamber to form nitrogen and hydrogen, and is 
then burnt with a suitable volume of air. Am- 
monia is normally supplied as a liquid in cylinders 
and is quite free from oxygen-bearing impurities. 
It therefore has an important application as the 
source ofa highly reducing atmosphere suitable for 
the heat treatment of metals such as stainless steel 








Fig. 8.—Vertical cylindrical installation for annealing steel strip in coils. 








202 G.E.C. JOURNAL 


which are particularly sensitive to traces of oxidis- 
ing gases. In this case the ammonia is cracked and 
then passed directly into the annealing chamber. 

Controlled atmospheres may be used not only 
for protecting the surface of metals from 
oxidation during heat treatment but also for 
promoting a desired chemical change at the skin 
of the material being treated. A hard case may 
be produced on suitable steels by treatment in 
ammonia at 500 degs. C. ; nitrogen is absorbed 
and diffuses into the body of the metal, forming 
a hard “ nitrided ”’ case. Atmospheres generated 
from fuel gases may be so prepared as to cause 
a change in the carbon concentration at the 
surface of steel or iron heat-treated in these 
gases ; thus steel may be gas-carburised so as 
to form a hardenable case, or cast iron may be 
decarburised during a malleablising heat treat- 
ment. 

There are many other applications for con- 
trolled atmospheres in the variety of heat- 
treatment processes carried out to-day.'* '’ 


CONTROLLED-ATMOSPHERE FURNACES. 
BATCH FURNACES. 


Furnaces for use with controlled atmospheres 
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must be adequately sealed against leakage of 
atmosphere. In the two main types of batch 
furnace in use to-day for bright-annealing, the 
charge 1s placed within a sealed heat-resisting 
cover around which is the furnace proper. The 
first type of installation consists of a cylindrical 
pit furnace into which a nickel-chromium pot 
containing the charge is lowered (fig. 8). The pot 
is loaded by first stacking the charge of, say, coils 
in pillar fashion on a base casting, which is then 
hung from the detachable insulated head of the 
pot. The pot head and charge are next lowered 
into the pot so that the rim of the pot head comes 
to rest on a water-cooled rubber ring around 
the rim of the pot. The pot head and pot are 
now made fast, and thus the rubber seal is 
rendered gastight ; the assembly is then ready 
for purging with controlled atmosphere. After 
purging the assembly is transferred first into a 
recuperation pit, where some absorption of heat 
occurs, and then into the furnace. After treat- 
ment, the pot is returned first to the recuperator 
pit and then to the cooling racks. During this 
treatment a fixed flow of atmosphere is main- 
tained over the charge, except during the final 
cooling stage, when the gas exit on the pot is 
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Fig. 9.—Outline of bell furnace for the treatment of steel coils. 
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closed and the charge is cooled under the mains 
pressure of the controlled atmosphere. 

The second type of furnace of wide application 
is the bell type. In this, each charge is built up 
on a stool on the hearth and a hood is lowered 
over the charge so as to rest upon a powder 
or liquid seal around the hearth. After the 
hood has been purged the hot furn- 
ace bell is lowered over it. After 
treatment the furnace is removed to 
the next hood and the original charge 
is allowed to cool within its hood 
under a pressure of gas. 

Where the extra cost is considered 
worth while, fans may be incor- 
porated within the container of both 
pit and bell furnaces to achieve 
high-speed gas circulation and thus 
to decrease the heating and cooling 
tumes (fig. 9). Generally speaking 
fans are worth while for low-tempera- 
ture treatments, for treatments 
where the permissible temperature 
range is narrow, where sufficient 
heat cannot be transferred to the 
centre of the stack by other means, 
or where a gas-metal reaction has 
to be promoted at the surfaces of 
the charge. 

A considerable tonnage of both ferrous and 
non-ferrous metals in the form of wire, sheet, 
Strip, etc., is annealed in pit-type and bell-type 
furnaces. For copper, either an atmosphere of 
burnt town gas having a high carbon dioxide 
content or regenerated burnt ammonia may be 
used. Copper is quickly stained by hydrogen 
sulphide, and if burnt town gas is used the gas 
must be desulphurised before being passed over 
the copper. Desulphurising is done either with 
bog iron ore or with activated charcoal and, if 
necessary, the town gas itself may be partially 
desulphurised before being burnt. No desul- 
phurisation is necessary where the burnt gas is 
being used for bright-annealing of mild steel. 

High-carbon steel also may be annealed in 
these furnaces ; the treatment temperature must 
be carefully controlled in the region of 700 
degs. C.; to achieve this fans are usually 
incorporated in the design. In addition, it 1s 
important that no carbon should be lost from 
the surface of the steel while it is undergoing 
heat treatment ; therefore, an atmosphere more 
carburising than burnt town gas is required. 
Atmospheres of high carbon monoxide content 
are desirable, such as those produced by the 
controlled burning of charcoal or by treating 
mixtures of air and gas over hot charcoal or 
other catalysts. Cracked ammonia is also used 


in this instance ; the hydrogen which it contains 
can remove carbon from steel at these tempera- 
tures, but the reaction does not proceed appre- 
ciably unless water vapour is also present. If 
the furnace is well sealed the dryness of the 
cracked ammonia may be maintained. 

The malleablising of thin-section whiteheart cast 





Fig. !0.—Bell furnace for malleablising whiteheart cast iron in a 
controlled atmosphere. 


iron may be done in a bell-type furnace (fig. 10). 
The malleablising treatment consists of heating 
the castings to a temperature of about 1,050 
degs. C. in an atmosphere which will decarburise 
the iron without oxidation. This process was 
formerly carried out by packing the castings 
with iron ore in boxes and then holding the 
boxes at the malleablising temperature for the 
requisite annealing time. The iron ore acted 
as a source of oxygen for the gases formed in the 
box, thus causing the removal of carbon (as 
carbon monoxide and carbon dioxide) from the 
casting during heat treatment. To-day it is 
possible to generate the decarburising gases 
within the furnace chamber from air or steam, 
thus rendering an ore packing unnecessary. 
While the malleablising is in progress the quality 
of the circulating furnace gases is recorded and 
thus the injection of the air or steam into the 
treatment chamber may be continuously con- 
trolled so as to maintain the correct condition 
of the decarburising atmosphere. This compara- 
tively new process has enabled a marked saving 
in annealing time to be achieved together with 
greater cleanliness of operation and better con- 
trol. Another type of batch furnace in use for 
such malleablising treatments is the elevator 
type, which consists of a rectangular gas-tight 
casing carrying the elements and mounted 
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Fig. 12 (below).—Roller-hearth furnace for the continuous bright- silver in burnt town gas or cracked 
annealing of steel strip. 
above floor level. The 
charge is carried on a 
removable bogie, which 
is loaded at floor level 
and then elevated into 
the furnace to form the 
furnace hearth. The bogie 
carries a sand seal which 
engages with the skirt 
of the furnace. Fans in 
the roof of the furnace me 


keep the gases circulating 
during treatment and, 
after treatment, the charge 
may be cooled pnmor to 
removal by means of 
a forced cooling system 
built into the furnace. 
Up to date, 40 furnaces 
of this type are in 
operation or building. 
The output from these 
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ammonia ; “bluing” of silicon steel and mild 
steel in steam or burnt town gas ; sintering. 
Another type of batch furnace is in use for 
gas-carburising. If a suitable carburising steel 
is maintained at about 925 degs. C. for a few 
hours in a carburising gas, carbon penetrates into 
the outer layers of the steel and produces a high- 
carbon case which can be hardened in a subse- 
quent heat treatment. A popular type of furnace 
for gas-carburising is rather similar in design to 
that already described for air-tempering. The 
charge is first loaded into a cylindrical container, 
which is then lowered into a hot cylindrical 
pit-type furnace having a fan in the base. The 
furnace cover is then moved into position, 
making a gastight seal. The carburising atmo- 
sphere is admitted to the charge and the fan 
Started so as to maintain a high-speed circulation 
over the work. After being carburised for a few 
hours the charge may be removed and lowered 
into a cooling chamber by the side of the furnace, 
where the charge can cool under a protective 
atmosphere. The carburising atmosphere is 
normally supplied either by treatment of town 
gas in a suitable generator or by admitting a 
carburising oil slowly into the treatment cham- 
ber. Both methods aim at producing a gas in the 
carburising chamber containing high concentra- 
tions of hydrogen and carbon monoxide with a 


minimum of carbon dioxide and water vapour ; 
the presence of methane also is desirable. 

During the last two years a horizontal batch 
furnace with gastight heat-resisting muffle has 
been in operation in this country, treating 
medium carbon steel sheets prior to forming 
(fig. 11). The furnace, though of simple de- 
sign, is of some interest in that the treatment 
takes place in an atmosphere which maintains 
the correct carbon content in the steel during 
the heating operation. The gas is generated by 
passing a mixture of air and town gas over a 
heated catalyst and is maintained in correct 
condition for the heat treatment by adjustment 
of the gas ratio, gas flow and catalyst temperature. 
A rapid check on the quality of the gas is ob- 
tained by a carbon gauge wherein an iron wire 
is carburised by the gas, quenched and its 
resistance measured. The carburising potential 
of the gas is indicated by the cold resistance of 
the carburised wire. 

During recent years furnaces have been in- 
stalled in the U.S.A.for the combined carburising 
and nitriding of steels. The atmosphere is 
similar to that used for carburising, but has a 
few per cent of ammonia added. The type of 
case and the treatment differ from that found in 
the normal carburising process in that a harden- 
able case of greater depth is obtained at a lower 
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Fig. 13.—Continuous carbo-nitriding furnace. 
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Fig. 14.—Continuous mesh belt furnace for copper brazing refrigerator parts. 
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temperature of treatment ; such a treatment is 
adopted in some cases for automobile parts 
which need a shallow hard case having good 
resistance to wear. Treatments have been carried 
out in batch furnaces designed so that the work 
is under the carbo-nitriding atmosphere during 
transfer from the heated section to the oil quench 
tank. 


CONTINUOUS FURNACES. 

A broad description of the more important 
types of continuous furnace has been given above. 
These furnaces are used for controlled-atmo- 
sphere heat treatment, suitable provision being 
made for preventing ingress of air to the working 
chamber and cooling zone (where present). 

The rotary hearth furnace is used for the 
heating of pierced copper billets prior to extru- 
sion to form tubes. In one installation about 
45 billets (total weight 2,000 Ibs.) per hour are 
loaded into a 75 kW furnace, operating at 850 
degs. C. through the pneumatically operated 
charging door. The furnace has three inde- 
pendently controlled heating zones to maintain 
a uniform temperature round the hearth, and 
a supply of desulphurised partially burnt town 
gas is maintained in the furnace so as to prevent 
scaling of the billets, thus saving material and 
improving the extrusion-die life. As each billet 
reaches the outgoing door its arrival is signalled 
by means of a photo-electric cell. The billet is 
then transferred to the vertical extrusion press 
and pressed into a tube ; where the maximum 
reduction of the billet during pressing is required 
the treatment temperature may be as high as 
900 degs. C. In one case, as soon as extrusion 
is complete, the tubes are transferred to a water 
quench which maintains a very clean finish on 
the tubes suitable for drawing. 

The mesh belt furnace finds considerable 
application for the bright-annealing of light 
material, such as thin-gauge sheets and small 
coils, for the treatment of metal powders and for 
bright-brazing (fig 14). Inthe latter process the 
assembly to be brazed is fitted together with 
copper plating, wire or powder at the brazing 
points. The assembly is then loaded on to the 
mesh belt and is carried through a heating 
zone at 1,150 degs. C. and finally through a 
cooling zone. An atmosphere of desulphurised 
partially burnt town gas is suitable for this 
operation provided that the steel does not 
contain more than 2 per cent (total) of readily 
oxidisable elements such as chromium. The 
condenser assembly and other parts of the 
compressor unit for one type of refrigerator are 
brazed in this manner. 

The driven roller-hearth furnace is used for 


the continuous bright-normalising or bright- 
annealing of cold-rolled strip or cold-drawn 
section (fig. 12). The work may either be placed 
directly on the rollers or carried through on trays. 
Operating at temperatures up to 900 degs. C., 
the atmosphere of widest use is again partially 
burnt town gas, which is desulphurised in order 
to reduce the corrosion of the furnace elements 
which are exposed to the gases. A rather similar 
type of furnace, the pusher tray, is in use for 
the treatment of material in bulk such as copper 
coils or small forgings. The pusher tray furnace 
shown in fig. 13 is one of the types used for 
continuous carbo-nitriding. 

Wire or strip may be treated continuously in 
a single-strand furnace. The treatment for wire 
is either a patenting or an annealing operation ; 
nickel-chromium wire requires an atmosphere of 
cracked ammonia during the annealing treat- 
ment in order to preserve a suitable surface 
finish. Some electrical steel strip is now being 
decarburised in this country in a continuous 
strand furnace. The treatment is carried out 
at a temperature of 850 degs. to 900 degs. C. 
and the atmosphere consists of a mixture 
of hydrogen, water vapour and nitrogen. 
The atmosphere is controlled so as to achieve 
the maximum rate of decarburisation of the 
silicon steel without surface oxidation. A good 
electrical steel must have a very low carbon 
content and, during the treatment described, 
the concentration of carbon in the steels falls 
from approximately 0-05 per cent to 0-005 per 
cent. Large continuous mild steel strip an- 
nealing furnaces are installed in the U.S.A.'® 
One furnace rated at 1,600 kW consists of 
an uncoiler, seam welder, entry looping tower, 
furnaces, cooling section, quench and drying 
unit, exit looping tower and coiler. The 
overall length is approximately 150 ft. from coiler 
to uncoiler, and the height 50 ft. The output of 
the furnace is stated to be 200 short tons per 
24 hours of strip 294 ins. wide 0-0115 in. 
thick, the strip speed being about 250 ft. /min. 
The power consumption is of the order of 
100 kWh per short ton. The controlled atmo- 
sphere is made by partially burning natural gas 
and is dried over activated alumina. 


RADIANT HEATING. 


During the last 15 years many developments 
have taken place in the application of radiant 
heating methods.’* *° In certain heat treatments, 
where previously low-temperature convection 
ovens would have been considered suitable, 
increased efficiency with much shorter heating 
time may be obtained by using a radiant heating 
furnace. Where charges are of such a nature 
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Fig. 15.—High intensity radiant heating oven for stoving paint on oil drums. 


that heat may be rapidly absorbed by radiation 
and where the process does not necessarily 
require the maintenance of a low temperature 
for lengthy periods, radiant heating may be the 
most economic and efficient method. 

The rate of emission of radiation from a source 
increases rapidly with temperature ; thus, for 
the same output, a much smaller surface area is 
required for a high-temperature emitter than 


for one at a low temperature, with a consequent 
reduction in thermal lag and convection loss. 
However, since radiation from lower-tempera- 
ture sources is of longer wavelength, a dull 
emitter is sometimes preferred in those cases 
where the surface of the charge is such that the 
absorption is higher for long wavelengths than 
for short. One of the first types of high-tempera- 
ture radiation source used in industry was the 





Fig. 16.—Internal reflector lamp plant in use for stoving paint on kitchen cabinet 
components. 
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ordinary lighting lamp mounted in a reflector ; 
special lamps, some with internal reflectors, 
have since been developed, having a filament 
temperature of 2,500 degs. C., which is some- 
what below the filament temperature of the 
standard lighting lamp. The intensity obtainable 
from lamp equipment is determined by the close- 
ness of spacing of the lamps ; with 250 watt 
internal-reflector lamps the maximum electrical 
input to a bank is 1,000 watts/sq. ft. 


The furnace is designed so as to minimise con- 
duction and convection losses, but, like other 
low-temperature sources, the elements and 
formers have a high thermal lag. 

Radiant heating is used for paint stoving, 
fabric proofing, preheating plastics, setting 
synthetic-resin adhesives, and for the drying of 
latex, gum, printing ink and many other 
materials (figs. 15, 16 and 17). The plants are 
flexible and yield a large output of work in a 





Fig. |17.—A group of lamp-heated ovens in use for softening ‘* Perspex "’ sheet. 


The following figures for the heating of 
0-13 in. steel panels indicate the rate of heating 
achieved by a radiant heating furnace, having 
an input of 840 watts/sq. ft. to two heating 
banks, compared with natural convection heating. 


MATERIAL : 0-13 in. STEEL PANELS 





Time to reach 


Method of heating 200 degs. 240 degs. 





a C. 
Radiant 5 mins. 10 mins. 
C onvection 17 mins. 26 mins. 


air temperature 
300 degs. C.) 











When high intensities are required nickel- 
chromium elements mounted in ceramic formers 
and operating at 900 degs. C. may be used. 
These must have a much larger area than lamp 
filaments, owing to the lower element tempera- 
ture ; thus it is not possible to focus the radiation 
on to the work. Alternatively, sheathed-wire 
element troughs are coming into extensive use. 


comparatively small space. In many instances, 
as compared with convection ovens, stoving time 
has been reduced from about an hour to a few 
minutes only, with resulting economy in labour 
and floor space, and an increased production 
rate. 

Brief reference is made below to typical 
examples of radiant heating plants in use for 
paint stoving. 


PAINT STOVING AFTER ELECTROSTATIC SPRAYING 


A conveyor carries motor-car wheels suc- 
cessively through electrostatic spray booths 
where two wet-on-wet coats of paint are applied 
and through a lamp plant for stoving the paint. 
The equipment handles 360 wheels per hour. 
The special advantage of radiant heating is that 
it permits rapid stoving (3 minutes) and gives a 
short stoving plant for wheels which are neces- 
sarily travelling in line with axes vertical (to 
Suit electrostatic spraying). 


EVAPORATING SURFACE MOISTURE AND STOVING 
PAINT. 


All components of an aluminium car body are 
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processed on a conveyor which carries them 
through a spray pretreatment plant, water wash, 
lamp plant for drying, spray booth in which two 
wet-on-wet coats of paint are applied, and lamp 
stoving plant. 

The drying plant 1s 20 ft. long, loading 200 kW, 
and the stoving plant is 32 ft. long, loading 
250 kW. The drying and stoving tmmes are 
34 minutes and 54 minutes respectively and the 
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The whole process of enamelling and printing 
can be completed on a single conveyor line. 


SALT BATHS. 

Salt baths may be heated electrically in three 
ways. Ihe heat may be generated within the 
salt by passing current between suitable elec- 


trodes dipping into the bath ; such a method 
is applicable to all salt baths (fig. 18). In the 


Fig. 18.—Complete toolroom installation, comprising electrode type salt bath 
hardening furnaces and forced air circulation tempering furnaces. 


plant handles 350 sets of components per 40 
hour week. 


STOVING PAINT AND PRINTING INK ON COLLAP- 

SIBLE TUBES. 

The usual method for finishing tubes is to 
roller-coat with enamel, place in racks on trolleys 
until tack dry, print, replace on trolleys, stove 
in convection ovens, remove pack. This necessi- 
tates a considerable amount of handling, the 
trolicys and ovens occupy a large amount of 
floor space and the msk of damage from dust 
deposition and other causes 1s high. 

By using open coil elements it is possible to 
achieve sufhciently high heating rates to enable 
ovens to be made short enough for inclusion 
on conveyor lines. For example, enamel drying 
on collapsible tubes takes about 30 seconds and 
a 4 ft. long oven will deal with tubes travelling 
at the normal production rate of 40 per minute. 


second method the bath is supported within a 
furnace and heated by radiation from the re- 
sistors. In the third method, which may be 
used for low-temperature treatments such as the 
annealing of aluminium alloys, immersion 
heaters are inserted into the salt. 

Typical applications include the heat treat- 
ment of high-speed tool steels, stainless and 
other steels, patenting of steel wire, solution 
heat-treatment and annealing of aluminium-base 
and copper-base alloys, cleaning of ferrous 
metals, cyaniding, and carburising.*' Thus 
carbon steels in coils can be annealed between 
draws at 650 degs. to 750 degs. C., stainless 
steels may be annealed at 1,050 C., alu- 
minium alloys may be treated in nitrates at 
400 degs. C., and steel may be given an 1so- 
thermal heat treatment using two baths, one for 
austenitising and the other for quenching and 
holding. A comparatively new type of salt bath 





usl 
cor 
cor 
it 1 


ref 
or 

ani 
dis 
ful 


I 


k’ 
fo 


SP OC ws KH 


se 





ELECTRIC FURNACES 211 


isin use for the descaling of steels, particularly 
high-alloy steels. The salt in this case is molten 
caustic soda at temperatures of about 370 degs. C. 
By treatment of sodium with cracked ammonia 
in a container dipping into the bath a concentra- 
tion of sodium hydride may be maintained in 
the caustic soda. The hydrogen reacts with 
surface oxides on the charge and a clean surface 
is obtained after the charge has been water- 
quenched. 

The electrodes in the electrode salt bath 
usually comprise 2 in. square straight steel bars 
connected to a low-voltage supply. The salt 
container may be either metallic or refractory ; 
it is usually metallic for low-temperature treat- 
ment and for cyanide salts and it is usually 
refractory for medium and high temperatures 
or where neutral salts are used. 

The advantages of salt baths lie in the speed 
and uniformity of heating, the freedom from 
distortion of the treated parts and the small 
furnace bulk. 
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70,000 kVA Transformer for Uskmouth Power Station 
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kVA = generator-trans- 
formers leaving the 
Witton Engineering 
Works for the new 
B.E.A. Power Station at 
Uskmouth, Mon. The 
Company is building six 
60,000 kW hydrogen- 
cooled turbo-alternator 


sets tor this Station. 
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Technical Control in Glass Manufacture 


By J. H. PARTRIDGE, Ph.D., D.Sc., G.E.C. Research Laboratories 
and E. PRESTON, Ph.D., D.Sc., F.R.1.C., Technical Manager, Osram-G.E.C. Glassworks. 








Modern methods of making lamps and valves require glass components to be as uniform as 
possible so that the chemcal and physical properties of the molten glass itself must be closely 
controlled. If the melting temperature varies, differing rates of volatilisation of batch constituents 





and different rates of solution of the refractory container tn the molten glass affect its composition | 


and working properties. An automatic method of controlling the temperature of a large glass 


tank furnace 1s described. 


Since the viscosity of molten glass changes rapidly with temperature, a sensitive photo-electric 
pyrometer has been developed for measuring accurately the temperature of hot glass as it is being 
fed to machines. An instrument for measuring the diameter of glass tubing as it is being drawn 
by a continuous process ts also described and, finally, the results of application of such controls are 


demonstrated. 


Se 








INTRODUCTION. 
MA “tocreasi manufacturing methods demand 
| increasing uniformity of the raw 
materials employed, and this is as true 
in present-day glass manufacture as in any other 
industry. The need for close control in glass 
manufacture for the electrical industry arises 
from the demands of the lamp and valve indus- 
tries for a product, whether a lamp or valve bulb, 
or a piece of rod or tubing, as closely uniform as 
possible. For, if the molten glass itself is variable 
in chemical composition and physical properties, 
then the product will be variable and close 
dimensional tolerances cannot be met, resulting 
in loss of efficiency when the glass is subsequently 
handled by high speed lamp- and valve-making 
machinery. 


THE PROBLEM OF GLASS MELTING. 
Glass is produced by melting at tempera- 
tures around 1,400 degs. C. a muxture of 
powdered raw materials, some of them naturally 
occurring minerals, in a refractory container 
which is itself attacked and dissolved by the 
corrosive action of the molten glass. This 1s the 
fundamental difficulty in controlling glass com- 
position whether it be melted in pot or tank 
furnaces. The raw materials are variable in 
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GLASS MANUFACTURE 


composition, especially moisture content, and 
many have to be checked daily. The proportion 
of “cullet” or scrap glass included in the 
charge fed to the furnace may be variable and 
may need daily adjustment. 

After mixing, the batch may segregate on its 
way to the furnace ; also, as it is fed into the 
furnace and begins to melt, volatilisation of soda, 
potash and red lead takes place. These factors 
and entrainment of batch dust in the furnace gases 
all play a part in making the attainment of the 
ideal constant composition one of great difficulty. 


213 


There are many other factors such as the 
different rates of solution of the various batch 
constituents, the rates of diffusion of the dis- 
solved constituents, the rate of elimination of 
gas bubbles, the rate of solution of the refractory 
material containing the glass, the output of the 
furnace or melting rate, the level of glass in the 
tank, all of which among others make it necessary 
to check constantly the composition and physical 
properties to ensure that the glass produced 1s 
within the specification. 

Molten glass is a very viscous liquid and its 
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Fig. 2.—(a) Longitudinal section of a large glass-melting tank furnace. 
(b) Cross section of the tank furnace. 
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viscosity increases rapidly with decreasing tem- 
perature, as 1s illustrated by fig. 1 which shows 
a typical viscosity-temperature curve. The 
viscosity of molten glass changes gradually from 
approximately 500 to 10° poises during the time 
it 1s being fabricated from a molten liquid to a 
sull red hot finished article such as a bottle or 
electric lamp bulb. 
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Usually the temperatures of such furnaces 
are measured by platinum platinum-rhodium 
thermocouples through the crown of the furnace 
in the melting end, and by a disappearing fila- 
ment radiation pyrometer sighted on the bridge 
wall for daily checks. The temperature charts 
thus obtained indicate constancy of melting 
temperature to within + 10 degs. C. However, 





Fig. 3.—Photo-electric pyrometer. The tele-receptor unit is shown on the left, 
the photometer bridge unit is in the centre, while the calibrating lamp is housed 
in the unit on the right. 


The manufacture of glass articles differs from 
many other manufacturing processes in the fact 
that dimensions are controlled only by the flow 
and setting of a viscous liquid ; all the glass 
forming processes such as bulb blowing and 
tube drawing are in fact controlled by the vis- 
cosity-temperature curve characteristic of the 
particular glass. Viscosity is fundamentally 
dependent on chemical composition, and it will 
be realised how important it is in glass manu- 
facturing processes that, theoretically, there 
should be no variation in the operational tem- 
peratures of a particular process, or in the vis- 
cosity-temperature relationship itself. This ideal 
is almost impossible of achievement, yet in the 
last ten years much has been done to reduce the 
limits which can be worked to for any given 
property, and one of the most important advances 
has been in temperature control. 


TEMPERATURE CONTROL. 

Glass is melted in large tank furnaces of the 
regenerative or recuperative type, containing 
from a few to a 1,000 tons or more of molten 
glass, a cross-secuon of a large glass melting 
furnace being shown in fig. 2. 


such methods of temperature measurement only 
measure the temperature at a given point in a 
large mass of material. It is known that, as with 
any liquid, currents exist in the mass of molten 
glass and it was suspected that changes in tem- 
perature of, for example, the stream of molten 
glass flowing on to the refractory sleeve of a tube 
drawing mandrel occurred which were not indi- 
cated by the normal pyrometer equipment of 
the furnace. 

A sensitive photo-cell type of radiation pyro- 
meter was developed which proved to be capable 
of measuring small changes of temperature of 
the surface of a ribbon of molten glass at tem- 
peratures ranging from 950 degs. C. to 1,200 
degs. C. and to plot these results on a time scale. 


THE PHOTO-ELECTRIC PYROMETER. 

Briefly, the photo-electric pyrometer consists 
of a vacuum photo-cell, the cathode of which is 
connected to the grid of an electrometer triode 
valve incorporated in the same glass envelope as 
the photo-cell. When radiation from a hot 
source falls on the photo-cell, the voltage deve- 
loped on the grid of the valve across a suitable 
grid leak resistance changes, and aiters the 
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current flowing through the valve. The valve 
forms one arm of a bridge circuit, and the balance 
of the bridge having been upset, it is restored by 
applying grid bias from a potentiometer circuit, 
and adjusting until zero current flows through 
the galvanometer. The voltage reading on the 
potentiometer is then a measure of the radiation 
falling on the cell and hence of the temperature 
of the hot source. The instrument is calibrated 
by means of a standard lamp. The pyrometer 
containing the tele-receptor housing, the bridge 
unit and the calibrating lamp are shown in 
fig. 3. To record continuously the variations 
in temperature, a recording millivoltmeter is 
coupled to a D.C. amplifier which is substituted 
for the galvanometer in the potentiometer unit. 


RESULTS OF TEMPERATURE MEASUREMENT 
USING THE PHOTO-CELL PYROMETER. 


A portion of a typical time-temperature chart 
fig. 4) obtained by using this pyrometer shows 
not only that the level of temperature changed, 
but that the temperature of the molten glass 
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changed much more rapidly than had been 
suspected. This latter result showing extensive 
short period fluctuations was unexpected, con- 
sidering that the glass was issuing from a tank 
of some 80 tons capacity. A portion of a typical 
chart at this period (fig. 4a) showed that the 
temperature varied from 819 degs. to 841 degs. 
C. ; tests extending over long periods of time 
indicated a standard deviation in the temperature 
variations of about 10 degs. C. 

The causes of temperature variability were 
traced to variations in oil flow and furnace 
draught due to the fact that several furnaces 
were being supplied from a common supply, 
and the furnaces were exhausted into a common 
stack. Removal of these causes of variability 
resulted in more uniform temperature of glass 
as indicated by the time-temperature chart in 
fig. 4b, which shows a variability in temperature 
ranging from 828 degs. to 834 degs. C. with 
a standard deviation of between 2 degs. and 
3 degs. C. There was a marked improvement in 
the efficiency of the plant and decreased variation 
in dimensions of the product. 





temperature of glass for tube-drawing. 
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Fig. 4b.—Chart of ribbon temperature after regulation of fuel supply and furnace pressure. 





DIMENSIONAL CONTROL OF GLASS 
PUBING. , 


To obtain a continuous record of the diameter 
of glass tubing as it is being drawn, the instru- 
ment shown in fig. 5 was designed and con- 
structed. The glass tubing passes between two 
spring loaded vertical rollers, each 
mounted on a movable plate. Two 
detector coils are attached to one plate 
and an armature to the other, the 
armature being so arranged as to move 


move relatively to each other. Any 
variation in the diameter of the tubing 
thus causes a corresponding relative 
movement between the armature and 
the detector coils. These form two 
arms of the bridge circuit shown in 
hig. 6. The out-of-balance current 
in the circuit is rectified and the D.C. 
current so obtained is fed into a magnetic 
amplifier, the amplified current then being used 
to operate the recording instrument. The 
bridge circuit is so arranged that it is unbalanced 
when tubing of the mean diameter is passing 
between the rollers and the recording instrument 
indicates a central zero position on the scale. 
Any relative movement of the armature with 
respect to the coils caused by a change in tubing 
diameter, causes the out-of-balance current to 


between the coils when the rollers Fo | 





Fig. 5.—instrument for continuous measurement of giass-tubing diameter. 
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vary and so indicates the change on either side of 
zero, as the diameter increases or decreases. 

The unit and recorder is shown in use in 
fig. 7 which was the experimental set-up in the 
Glass Works on the fluorescent tubing run for 
which the apparatus was primarily designed. 






































Fig. 6.—Bridge network used in the apparatus for 
measuring glass-tubing diameter (R, is not equal to Ro). 


This instrument is proving most valuable in 
helping to trace causes of variability in diameter 
of tubing as it is being drawn. 

A further development is to link this device 
with an electronic ““memory unit” so that 
tubing which is out of gauge may be automatic- 
ally rejected after it has passed through the 
drawing machine, thus saving considerable time 
and effort in the gauging of tubing. As at present 
constructed, the instrument is designed to gauge 
continuously tubing between 
10 and 45 mm. nominal dia- 
meter. One of its advantages 
over other types of continuous 
gauging devices, such as the 
air flow method, is that in the 
event of a breakdown on the 
tube it may rapidly be with- 
drawn from the tubing and 
held away from it by the two 
catches shown in fig. 5, and 
the tubing may at any time be 
lifted from the apparatus or 
introduced into it in a vertical 
direction, and the device set in 
operation by simply releasing 
the two catches. 


FURNACE CONTROL. 

The photo - electric pyro- 
meter is concerned’ with 
measuring the temperature of 
the glass as it issues from the 
furnace, i.e. the working tem- 
perature, and the diameter 
recorder measures the result of 
such temperature fluctuations. 
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In many cases the working temperature may be 
separately controlled, but all the glasses pro- 
duced by the Osram-G.E.C. Glass Works are 
made to a strict specification for chemical com- 
position and physical properties, and this requires 
careful control of melting conditions and con- 
stant daily checking of physical properties, such 
as thermal expansion coefficient. 

The first requisite is a constant melting tem- 
perature, and to this end automatic equipment 
is being installed which controls the amount of 
fuel fed to the furnace and the amount of air for 
combustion. Further, instead of the older inter- 
mittent hand feeding of batch to the furnace, 
automatic screw feeders are being installed on 
all tanks. 

Fig. 8, reproduced by permission of the 
Electroflo Meters Co., Ltd., shows diagram- 
matically their furnace control system as installed 
on several glass melting tanks in the Glass Works 
at Wembley and Lemington. Furnace temper- 


Fig. 7.—Continuous diameter recording instrument on 

tube draw. Glass tubing is shown passing between the 

instrument rollers, the relative lateral displacement of 
which is recorded on the chart. 
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Fig. 8.—Control equipment for regenerative glass melting tank furnace. 
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ature and furnace pressure are separately con- 
trolled, and the reversal of the furnace takes place 
when the regenerators have reached a certain pre- 
determined temperature. Located in the crown of 
the furnace over the centre of the melting end is a 
thermocouple and a pressure pipe. The thermo- 
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and this glass is the most difficult to control for 
lead content, and to maintain it constant to 
within 0-5 per cent over long periods is by no 
means easy. During the period covered by the 
chart various adjustments were made both to 
melting temperature and batch composition 
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Fig. 9.—Chart illustrating control of melting temperature and composition 
of LI glass. The chart shows that when the temperature was variable in 
May and June, the lead oxide content of the glass ranged from 28-5 to 30 
per cent, whereas methods of closer control resulted in a variability not 
exceeding 0-5 per cent in lead oxide content (August and September). 


couple is connected to a recorder from which the 
fuel supply (eitheroil or producer gas )1s regulated, 
and the pressure pipe is connected to another re- 
corder and controller which regulates the stack 
damper, i.e. the draught on the furnace to increase 
or decrease the supply of air for combustion. 

The advantages of such a system over the old- 
fashioned methods of hand operation, the opera- 
tor working by inspection of a temperature chart, 
are abundantly obvious. A future development 
is to abandon the use of the conventional chim- 
ney stack and install exhaust systems which 
provide controllable air supply, independent of 
the vagaries of weather and climate which affect 
normal chimney pull. 

The use of automatic batch feeders has greatly 
facilitated the maintenance of a constant glass 
level, a vital factor in all processes of bulb blowing 
and tube drawing. 

The degree of control which may be exercised 
on a tank furnace in day-to-day operation is well 
illustrated in fig. 9 which gives data for the 
melung of a 30 per cent lead oxide glass known 
as Ll. Lead oxide is a very volatile material 


Fig. 10.—Typical charts illustrating im- 
. proved control in batch composition. 
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to maintain the desired properties ; the point is 
that the closer the control of melting tempera- 


ture, the more readily is the composition held 
constant. 
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ROUTINE CONTROL 
BATCH CONTROL. 


All raw materials are analysed 
and corrections to the batch com- 
position are made accordingly. In 
addition to these variations, changes 
in batch composition may arise 
from errors in weighing and from 
segregation of batch constituents 
caused by vibration during handling. 
Such changes result in the produc- 
tion of glass which is not uniform in 
composition throughout its mass, 
although the non-uniformity needs 
sensitive methods of measurement 
for its detection. To obtain as 
uniform a product as_ possible, 
variability in composition of the 
mixture of raw materials, known as 
batch, is reduced by careful attention 
to weighing. In addition, special 
handling techniques are used and 
rapid methods of analysis have 
been developed for the routine 
control of batch preparation. Typical 
charts given in fig. 10 illustrate the improved 
control in composition which arises as a result 
of closer attention to batch preparation. 


6 





MEAN RANGE OF EXPANSION COEFFICIENT (x 10°) 


Fig. 


CONTROL OF PHYSICAL PROPERTIES. 


Glasses for the manufacture of electric lamps 
and valves are required to seal to each other 


219 





No.!| TANK ~No.! MACHINE 





















































6/48 


3/48- 7/48—10/48 10/48—1/49 \/a9—4)49 
9/49—1 1/49 


6/49 - 


12.—Chart illustrating reduction in spread of thermal 


expansion in soda bulb glass. The shaded blocks refer to 1949. 


(such as L1 and X8 in the making of drop seals) 
and to various metals. They are, therefore, care- 
fully controlled to produce a given thermal 
expansion. For example, the two glasses most 
widely used, the 30 per cent lead glass known as 
L1, and the soda glass for lamp and valve bulbs 
known as X8 are controlled as follows : 
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spread of thermal expansion in LI lead glass. 
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Coefficient of Linear 


Glass Thermal Expansion 
Ll 30 percent PbO Glass 9-05 0-15 « 10° 
X8 Soda Bulb Glass 9-65 + 0-15 10° 


Daily measurements are made of this property 
and if the results are within the ranges specified 
this 1s a most satusfactory check of the correct- 
ness of the composition and, by inference, of all 
the other properties. 

Two illustrations will serve to indicate the 
improvement in technical control which has 
resulted by paying attention to all the factors 
indicated in the foregoing pages, by considering 
the range of thermal expansion, assessed for 
convenience as the mean range for approximately 
quarterly periods, in the case of the above two 
glasses. 


(a) Lead Glass. 

Formerly lead glass was melted in pots and the 
transition to continuous tank melting has 
naturally removed a great source of variation. 
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This is abundantly illustrated in fig. 11 which 
shows that when melting in two different pot 
furnaces, average variations in a quarter were of 
the order of 16to 17 = 10°, ie. slightly exceed- 
ing the specification, improving when only one 
pot furnace was used and falling to 9 to 10 « 10° 
in modern tank melting, i.e. well within the 
specification. 


(6b) Soda Glass. 

This glass for lamp and valve bulbs has always 
been melted in continuous tank furnaces, never- 
theless fig. 12 shows a satisfying result, namely, 
a continuous improvement. The open columns 
give the record for one tank life from 1947 to 
1949, and the two shaded columns were for the 
first two quarters of the new tank showing a 
progressive improvement in spread from 14:8, 
16-5, 15-7, 14:0, 9-3, 10-4, to 8-5 = 10° in 
approximately 18 months. To-day it is possible 
to maintain the thermal expansion of this glass 
to within + 0-10 = 10° with comparative ease. 





New Street Lighting Lantern 


A new fluorescent lantern 
has been developed, largely 
for use overseas, to light 
wide roads bordered by 
heavy trees. 

The lanterns contain 
three 5 ft. 80 watt fluores- 
cent lamps and are sus- 
pended down the centre of 
the road. The reflectors are 
designed to distribute the 
light over a broad area while 
cutting off all glare. 

The ulustration shows a 
typical installation in Lad- 
broke Grove, London. 
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Approach and Runway Lighting 
of the Stavanger Airport at Sola, Norway 


By W. A. VILLIERS, B.Sc., A.C.G.I. 
Exterior Lighting Department. 





EARLY HISTORY AND 
DEVELOPMENT. 
| HE Stavanger Airport 
at Sola is situated 
about 75 miles south- 
west of Stavanger on one of 
the few flat pieces of terrain 
in Norway lying between 
Hafrsfjord and _  Solavika. 
The climate of the district is 
ideal for an airport ; Stavan- 








The G.E.C. has been respons- 
ible for the lighting of many 
aerodromes throughout the world. 

In this article an account 1s 
given of the lighting installation area. The Germans imme- 
at Stavanger, Norway, an air- 
port in the highest international 
category suitable for any of the 
airliners at present in service. 


Stavanger airfield. On the 
morning of April 9th, 1940, 
300 Luftwaffe Junkers 52’s 
and 58’s landed within two 
hours and seized the entire 


diately went ahead with large 
extensions and by 1945 the 
airfield covered an area of 
1,000 acres as compared with 
270 acres in 1938. The 








ger seldom has fog and its 
snowfall is never more than 20 cms. deep. It 
is one of the warmest parts of Northern Europe 
because of the influence of the Gulf Stream. 
The airport’s 16 years of existence contain 
some unusually dramatic interludes which 
have had considerable influence on its de- 
velopment. It was started in 1935 by the initiative 
of the City of Stavanger; the first contract 
included the building of two concrete runways 
running NE-SW and NW-SE, each 40 metres 
wide and 920 and 850 metres long respec- 
tively. The airfield was opened for traffic 
by King Haakon on May 29th, 1937, and 
the hangar and airport buildings were completed 
in 1938. A seaplane base at Hafrsfjord about 
a mile north of the airfield was also com- 
pleted in 1938 with its buildings, hauling slip, 
and floating docks. By 1940 the cost of this 
work had reached 1-8 million kroner, of which 
the Government of Norway had contributed half, 
and Norway was now possessed of an airfield 
and seaplane base which, although small, ranked 
among the best in Europe. Indeed, the airfield 
was one of the first in Europe to have paved 
runways. 

It was little wonder, then, that in 1940 when 
the German military forces struck at Norway, 
they concentrated an overwhelming air attack on 


original runways were ex- 
tended to 2,000 and 1,800 metres respec- 
tively and a new E-W instrument runway 
1,800 metres long and 120 metres wide was 
constructed. A track circling the entire 
airfield, 15 metres wide and 6} kilometres 
long, was also added. These extensions in- 
volved the demolition of no fewer than 30 farms 
and a church, and the destruction of the preserved 
ruins of another church built in a.p. 800. The 
seaplane base was also considerably extended, 
the concrete slip widened to 90 metres and, in 
addition to store-rooms and barracks, a hangar 
was built. 

After the war the airport came under Norway’s 
defence scheme, but retained its civilian status, 
and following the decision of the Scandinavian 
Airlines System (S.A.S.) to use the airport on 
its Atlantic services, the Norwegian Government 
decided in 1947 to expand the site into an 
‘* Atlantic Airport ” of the first order. 

A plan of the airport as it now exists is given 
in fig. 1. It will be seen that the extensions have 
been very considerable. The E-W 120-metre- 
wide runway has been extended on the west all 
the way to Solavika, an increase in length of 620 
metres. A new N-S instrument runway has been 
added, 2,550 metres long by 75 metres wide, and 
a new airport building has been constructed 
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It was further decided to install high- 
and low-intensity “centre line and 
bar approach” lights on seven of 
the eight approach ways, namely, 
at the ends of the runways 01, 11, 
14, 19, 22, 29 and 32. 

The main contract for this work 


. was awarded to A. G. Johansen 


AS, of Oslo and practically the 
whole of the lighting equipment, 
together with the control desk, 
switchgear, cables, and traffic lights, 
was supplied by the G.E.C. through 
their Norwegian agents AS Elektro- 
salg, of Oslo. 


RUNWAY LIGHTING. 

The new runway, 01-19, has a total 
of 84 runway lights of a special 
elevated design to allow for a 
possible snowfall of 20 cms. depth 
(fig. 2). The distance between 
adjacent lights is 50 metres and 
each light is mounted on its own 
concrete foundation about | metre 
from the edge of the runway, so 
that the distance between the two 

| rows 1s 77 metres. The runway is 
| intersected at two points by other 
| runways and at these junctions 
| flush type lights are used which 
present no obstacle to the landing 
wheels of aircraft. 











Fig. |.—Plan of Stavanger Airport, Norway. 


which provides passengers and staff with all the 
facilities and comforts expected of a modern 


airport. 


LIGHTING SCHEME. 


During the period of German occupation a 
large amount of lighting equipment was installed 
and included idenufication lights, obstruction 
lights, landing lighting and runway lights. As is 
frequently the case with temporary work carried 
out during wartime, most of the equipment 
installed was of inferior quality and the installa- 
tion work indifferently executed. It was there- 
fore decided to install new runway lighting 
equipment on the new N-S runway, marked 
01-19 on the plan of the airfield (fig. 1) and on 
the extended E-W runway, marked 11-29. At 
the same time it was considered necessary only 
to repair and improve the existing runway lights 
on the older runways, marked 04-22 and 14-32. 


The elevated runway light has 
the main lamp housing mounted on 
a tube having a weak joint which, 
if the light happens to be struck 
by the wheels of a plane, will break and prevent 
damage to the aircraft. Each light contains a 
6 volt, 6 ampere lamp mounted in an optical 
system of one main and two auxiliary reflectors. 
The main reflector produces a concentrated 
vertical beam of light which the two auxiliary 
reflectors direct in both directions along the 
runway. The auxiliary reflectors can be accu- 
rately adjusted vertically and horizontally to 
meet requirements. In this particular instance, 
these reflectors are set to produce flat beams of 
light at an angle of 4° to the horizontal and at an 
angle of 2° inwards towards the runway. The 
beam has a maximum luminous intensity of 
11,000 candelas. At both ends of each row of 
lights, extending to one-third of the length of 
the row, the lamps are fitted with yellow filters 
on the sides facing the runway. 

The extended E-W runway, 11-29, is provided 
with similar lights, but in this instance there are 








row: 
are } 
char 
a co 
colo 





LIGHTING AT STAVANGER AIRPORT 223 


50 in each row spaced about 100 metres apart, 
and instead of yellow filters marking the end 
thirds of each row double lights are used. 

At the ends of both these runways double 
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Fig. 2.—One of the elevated runway lanterns installed 
along each side of runways 01-19 and 11-29. 


rows of threshold lights—one red, one green— 
are installed (figs. 3 and 4). By means of special 
changeover contactors remotely operated from 
a control desk in the Control Tower the correct 
colour according to the direction of landing is 





selected, namely, green at the beginning of the 
runway and red at the end. The control desk 
also permits control of intensity of the runway 
lights, giving 100, 30, 10, 3 and 1 per cent of 
maximum intensity. 

The airport is served by a 5,250-volt ring 
main passing through a number of step-down 
substations. Power for the lighting of both 
runways is taken from one of these substations 
and is fed to individual transformers for each 
lamp. The transformers are housed in water- 
tight cast-iron containers filled with compound 
and are buried by the side of the lamp founda- 
tions. All the primary windings are connected 
in series and the secondary windings are con- 
nected to the lamps by short cables. The trans- 
formers are designed so that the impedance is 
constant with the secondaries either closed or 
open and the failure of a lamp has therefore no 
effect on the remaining lamps. 


APPROACH LIGHTING. 


The two runways, 01-19 and 11-29, have been 
equipped with “ centre line and bar approach ” 
systems, suitable for both directions of approach 
to each runway. Similar approach lighting is 
provided at both ends of the older runway, 14-32, 
and at the north end of runway 04-22. 

This system of approach lighting comprises : 

(a) A centre line of high- and low- intensity 

approach lights mounted on poles (figs. 5, 
6 and 7), the low-intensity units being 
mounted on top of the poles and the high- 
intensity units being mounted underneath, 
facing the approaching aircraft. 


= 


Fig. 3.—Double rows of threshold lights (one red, one green) are installed at both ends 
of each runway. 
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> Crossbars of sodium-vapour lamps The appearance of this system of lighting as 
mounted on lines of poles crossing the seen by the pilot of an aircraft approaching the 
centre line at right angles (figs. 8 and 9). runway is clearly shown in fig. 10, which 1s a 





Fig. 4.—View from the north end of runway 01-19 looking towards 
Hafrsfjord. Two of the threshold lights are seen in the foreground with 
the approach lighting system stretching out over the water. 


reproduction of a photograph 
taken from an aircraft landing 
at dusk. In this instance the 
new runway, 01-19, was being 
used, and the expanse of water 
in the distance is Hafrsfjord 
where the seaplane base 1s situ- 
ated, just on the left of the far 
end of the runway. The pilot 
of an aircraft approaching this 
runway in this direction will 
see three crossbars of yellow 
sodium-vapour lamps _inter- 
sected at right angles by a 
line of high- and low-intensity 
lights. At the beginning of 
the runway itself he will see 
a single row of green lights 
and the entire length of the 
runway will be outlined on 
both sides by runway lights, 
white for the first and centre 
third and yellow for the final 
third. A row of red lights 
will define the end of the 
runway. 

Owing to the conditions of 
the terrain it was not possible 
to extend the approach lights 





Fig. 5.—Centre-line high- and low-intensity approach lights mounted on a specially 
constructed pier at Hafrsfjord. Runway 01-19 with its runway lights can just be seen 
in the distance. 
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beyond some of the runways to the distances 
recognised as desirable. At the north end of the 
new runway, 01-19, for example, the actual run- 
way ends about 200 metres from Hafrsfjord and 
the approach lights were only allowed to extend 





200 metres on a specially built pier (figs. 5 and 8), 
stretching out into the sea, as any further exten- 
sion would have interfered with the facilities of 
the seaplane base. The total length of this 
approach lighting is 400 metres and it has two 
transverse bars of sodium lamps, but as this 
direction of approach is one of the most used, 
the distance between adjacent lamps in the 
centre line has been reduced to 25 metres. 

The low-intensity lantern mounted on the top 
of each mast in the centre line contains a 220 volt, 
250 watt lamp and the light is distributed by 
two prismatic domes in a beam which has its 
maximum intensity at an angle of 5° from the 
horizontal and extending over 360° in azimuth. 
The light is thus visible in all directions and its 
intensity can be controlled from the Control 
Tower in five steps. 

The high-intensity lanterns, which are clearly 
shown in figs. 6 and 7 are used only in conditions 
of poor visibility. They are adjustable in both 
planes ; the beam of light is directed along the 
correct approach of the aircraft at an angle of 
4° above the horizontal. Each lantern is fitted 
with a 220 volt, 250 watt lamp and the intensity 
can be regulated in five stages of 100, 44, 19, 8 
and 34 per cent of maximum. 


Fig. 6 (left)—Centre-line high- and low-intensity lights 
mounted on a pole. 


Fig. 7 (below).—The north end of runway 01-19 showing, 
in the foreground, the last centre-line approach unit 
and the threshold lights at the beginning of the runway. 
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In the transverse rows of lights, or crossbars, correction are mounted in watertight cast-iron and 
140 watt sodium-vapour lamps are employed cases behind the lanterns. re 
and are mounted horizontally in special lan- It is estimated that with this approach lighting from tt 
terns fitted with parabolic anodised aluminium it should be possible to land aircraft in visibility anes 
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Fig. 8.—One of the ‘‘crossbars"’ of sodium-vapour lamps installed at the 
end of the pier at Hafrsfijord. 


reticctors. Each produces a beam about 40 of only 100 metres at night and 200 metres by 
wide in azimuth and having a maximum in- day. 


tensity at about 4 elevation. The lights, 
which are shown in figs. 8 and 9, can be ad- 
justed in the vertical plane. The lamp trans- 
formers, fuses and condensers for power factor 


The centre-line lamps of the approach lighting 
derive their supply from a 5-5 kVA, 220/485 volt, 
3-phase, 50 cycle transformer, having a primary 
tapped at 5 points so that the secondary voltage, 





Fig. 9.—A °* crossbar "" on the sandy shore of Solavika (Sola Bay) at the west 
end of runway |1-29. 
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and thereby the intensity of the 
lamps, can be regulated in 5 stages 
from the Control Tower. The neutral 
point of the secondary winding 1s 
brought out and the high- and low- 
intensity lights are connected be- 
tween phase and neutral. As the 
lamps are equally distributed be- 
tween phases, the neutral conductor 
carries practically no current. The 
sodium lamps _ have individual 
transformers which are of special 
design and are provided with tap- 
pings to compensate for the voltage 
drop along the cables and to ensure 
that all lamps are operated at the 
correct voltage. The sodium lamps 
are fed from a 3 kVA, 220/475 volt 
transformer, but no provision is 
made in this case for regulating 
their intensity. 


WIND DIRECTION INDICATOR. 

An illuminated wind direction 
indicator has also been installed Fig. 11.—Control desk in the Control Tower, from which 
end can he used either tw indicate the whole of the airport's lighting system is controlled. 


Fig. 10.—Stavanger Airport as seen at dusk from aircraft approaching the south end of runway 01-19. 
In the foreground is the centre-bar and approach lighting; the runway itself is clearly outlined by 
runway lights. In the distance is Hafrsfjord. 
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the direction of the wind, or, in conditions 
of no wind, to indicate the direction in 
which aircraft should land. The indicator can 
either move freely, responding to wind direction, 
or can be locked to a driving motor controlled 
from the Control Tower. The position of the 
indicator is recorded continuously. 


CONTROL GEAR. 


The control gear necessary for the operation 
of the runway and approach lights is housed in 
two of the airport substations. One substation, 
as already mentioned, supplies current for the 
lighting of the two runways, 01-19 and 11-29, 
provision being made on the switchboard for the 
future control of the existing lighting of the two 
older runways. In addition, approach lights at 
19, 22, 29, 32 and 01 are operated from the same 
switchboard. The other substation supplies 
current to approach lights at 14 and 11, with 
provision for future approach lighting at 04. 

The switchboards in both substations are 
provided with 24 volt D.C. relays which are 
operated from the control desk in the Control 
Tower via multi-core telephone type cables, but 
provision has been made for changing over from 
remote to local control at the switchboards, not 
only as a safeguard against possible interruption 
of the pilot cables between the Control Tower and 
the substations, but also to facilitate maintenance 
and testing. The switchboards are built in 
cubicle form and, in the event of future expansion 
of the airport’s facilities, can readily be extended. 
All circuits are controlled by contactors operating 
in conjunction with relays which in turn are 
operated over 24 volt circuits from the Control 
Tower. 


CABLING AND TRAFFIC CONTROL. 

Over 20,000 metres of cable trench have been 
constructed for the lighting installation of the 
airport and approximately 50,000 metres of 
Pirelli-General cable have been laid. Where 
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the runways intersect, the cables have been laid 
in asphalted fibre conduit. In addition, the 
original cabling for the entire obstruction-light 
system, consisting mainly of unburied cables, has 
been renewed. 

Two traffic light signals, each equipped 
with red and green lights, are installed at the 
point where the taxi-runway cuts across the new 
N-S runway, 01-19. The traffic lights are 
operated by remote control from the Control 
Tower. 


CONTROL DESK. 


The whole of the lighting installation of the 
airport is supervised and operated by airport 
personnel from a control desk (fig. 11) in the 
Control Tower which is provided with a mimic 
diagram of the runways and their lighting sys- 
tems. A main selector switch selects the runway 
appropriate to the direction of the wind. Only 
one runway and its approach lighting can be 
switched on at a time and signal lamps on the 
mimic diagram show which lights are in opera- 
tion. According to visibility conditions the high- 
or low-intensity approach lights are then selected 
and the intensity of these and of the runway lights 
determined. The various main switches are 
then operated and at the pressure of a button the 
lighting is switched on. Another button ex- 
tinguishes it. Thus, when the weather is stable, 
the setting of the various selectors and switches 
is not changed and the entire lighting equipment 
is then operated by the two press-buttons. 

It has been stated that the lighting installation 
at Stavanger airport constitutes the largest 
installed in Norway. Be that as it may, the 
airport, equipped as it is with the lighting 
described, together with a modern radio installa- 
tion including the latest I.L.S. system for landing 
aircraft in bad visibility, satisfies the require- 
ments for an airport in the highest international 
category suitable for any of the airliners in 
service at the present time. 
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British Developments and Applications 
of Carrier Current Principles for 
Operating Requirements of Power Utilities 


INTRODUCTION. 


HE efficient operation 
of modern intercon- 
nected high-voltage 

power networks with central- 
ised control rooms demands 
that the power network shall 
be paralleled by a reliable and 
comprehensive communica- 
tions network which pro- 
vides facilities for telephony, 
supervisory control and indi- 
cation, remote metering and 
teleprinters. Where the dis- 
tances involved are greater 
than about 20 miles, especially 
with lines of 66 kV and over, 
it is often found that these 
facilities together with feeder 


Telephone Works, Coventry. 





Details are given of a wide 
band coupling equipment for 
carrier current working, with 
reasons for preferring interphase 
coupling, followed by an investi- 
gation into the causes of noise 
on power line carrier circuits and 
the reasons for the adoption of 
single side-band equipment. Re- 
cent types of British communica- 
tions and relaying equipment are 
then described. 

This paper was presented by 
the author in Toronto at the 
Summer General Meeting of the 
American Institute of Electrical 
Engineers by whose permission it 
is here reprinted. 


By W. D. GOODMAN, M.Sc., A.M.I1.E.E. 


purely incidental. The de- 
sign does, however, provide 
a circuit with a lower atten- 
uation per unit length than 
that of most aerial telephone 
lines. The following im- 
portant differences should, 
however, be noted. Where 
more than one telephone pair 
is run on the same route the 
wires are carefully transposed 
to avoid cross-talk between 
the circuits whereas with 
power lines the transposi- 
tions, inserted with no regard 
to communication require- 
ments, are often more of an 
embarrassment than a help. 
They are inserted at inter- 








protection and intertripping 





vals which are large com- 





can be most economically 
provided by means of carrier current equipment 
over the high-voltage lines. Such a communi- 
cations network, with well-designed and con- 
structed terminal equipment, is fundamentally 
as reliable as the power network it is used to 
control and with careful planning the loss of 
any line or circuit can be covered by the pro- 
vision of alternative routes. Further, the whole 
of the equipment used is under the control of 
the power company and reliance does not have 
to be placed on circuits rented from other 
administrations. 

The various components of such a network 
will now be dealt with in detail. 


LINES AND COUPLING EQUIPMENT. 

The power lines are designed and constructed 
solely for the transmission of power at high 
voltages and low frequencies and their use for 
carrier current communication and protection is 


pared with the wavelength 
of the carrier frequencies used and cause 
reflections which produce small peaks in the 
attenuation-frequency characteristic. Another 
difference is that the considerably increased 
spacing of the conductors of the power line 
results in increased radiation. Whether phase- 
to-phase or phase-to-ground coupling is used 
there are phase wires which are unused for 
high frequency transmission. These wires are 
closely coupled to the carrier circuit and from 
the cross-talk point of view tend to nullify the 
effect of any trap coils used. This will be referred 
to again later. A further point is that power lines 
normally terminate on bus bars and often trans- 
formers as well, which have an appreciable 
impedance, normally negative, to high frequen- 
cies. If these components are common to more 
than one line the common impedance is a source 
of coupling which will further modify the effect 
of the line traps. It should also be noted that 
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this station capacity can cause the line traps to 
series resonate at some frequency below anti- 
resonance. 

In Britain phase-to-phase coupling to the 
power line has been adopted, in spite of the fact 
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100 200 300 «= 400 500 600 
FREQUENCY kc. 
Fig. |.—Curves showing variations of coupling filter 


band-width with frequency. Curves A and C are lower 
and upper limits of pass band. Curve B is tuning fre- 
quency. 


that it is more expensive than phase-to-ground 
coupling, for the following reasons : 

(1) The attenuation is less at any given fre- 
quency. 

(2) The variation of attenuation with changing 
weather conditions 1s less. 

(3) The radiation from the line is less. 

(4) There is less pick-up of interference which 
results in an improved signal to noise 
ratio. 

(5) A phase-to-earth fault close to the trans- 
mitting end does not result in loss of sig- 
nal at the receiving end. 

The older types of coupling equipment were 
designed to pass either one or two bands of 
frequencies each about 6 kc wide. In coupling 
equipment of this type the line traps were 
regarded as a high impedance to prevent high 
frequency energy being dissipated in the local 
switchgear and also to prevent changing switch- 
ing conditions affecting the high frequency 
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circuit. They were also regarded as a means of 
minimising cross talk between circuits using the 
same frequency. Their efficiency from the cross- 
talk point of view is doubtful, due partly to the 
presence of the third-phase wire. Using two sets 
of coupling equipment of this type tuned to the 
same frequency, cross-talk figures of 20 decibels 
have been measured between two feeders entering 
a substation from opposite directions and not 
connected to the same bus bars. This type of 
coupling equipment used the expensive line 
traps and coupling capacitors in a very inefficient 
manner and did not permit the use of multi- 
channel carrier systems. As a result wide band 
coupling was developed in Britain which enables 
a frequency band, in some cases several hundred 
kilocycles wide, to be passed. The band width 
passed depends on the frequencies used. The 
curves in fig. 1 show how the band width obtained 
varies with frequency. This coupling equipment 
uses line traps with an inductance of 200 micro- 
henries and coupling capacitors of 0-002 micro- 
farads. A further advantage of this coupling 
equipment is that no adjustment whatever is 
required on site as all the components are pre- 
tuned in the factory. 

In this type of coupling equipment the line 
traps are regarded not primarily as traps but as 
elements of a band pass filter. Used thus, they 
guard against the variations of line attenuation 
with switching conditions but are less efficient 
with regard to cross-talk except at frequencies 
near the middle of the band. Cross-talk can, 
however, easily be guarded against by planning 
a network as a whole and not using the same 
frequency more than once in any one substation. 
Judging from the figures given above this is 
desirable even with the older type of coupling 
equipment. Fig. 2 shows a typical attenuation 
frequency characteristic using the modern British 
type of coupling equipment with phase-to-phase 
working on a line 65 miles long under different 
switching conditions. The wide band type of 
coupling equipment has a loss of approximately 
1-5 decibels which is substantially constant over 
the band. This figure excludes the attenuation 
in the coaxial cable used to connect the coupling 
filter to the terminal equipment. Standard lay- 
outs of the coupling equipment in a switching 
station are preferred, as by this means any stray 
capacities can be controlled, thus giving a more 
stable and constant performance. As with other 
types of line coupling equipment, the coupling 
capacitors are capable of providing potential 
supplies for metering and relaying up to a 
burden of 150 volt amperes. 

Power surges and lightning are both capable 
of providing impulses of very high voltages 
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which the coupling equipment must be able to 
withstand. In some of the older types of equip- 
ment fuses and gas discharge tubes were used 
to protect the equipment, but the use of carrier 
relaying equipment means that the equipment 
must be fully operative immediately after such 
disturbances and the above devices are therefore 
unacceptable. The coupling equipment is 
therefore designed to withstand any impulse 
voltages that can reasonably be 

expected. Surge diverters in- 


COMMUNICATIONS EQUIPMENT. 


In the past most power line carrier communi- 
cations equipment was of the amplitude modu- 
lated (A.M.) type which transmitted carrier and 
two side-bands. These circuits, although they 
provided reasonable communication circuits, 
compared very unfavourably with modern long 
distance telephone circuits from the point of 
view of quality and signal to noise ratio, and, 





corporating spark gaps and 20 
non-linear resistors are fitted 





in the line traps. 

Although coupling equip- 
ment for any desired mid-band 
frequency can be made, in 
practice several standard bands 
have been selected to give 
adequate frequency coverage. 
Whenever possible all the 
coupling equipment on any 
power network is for the same 
band, this giving the advantage 
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It is well known that varia- 
tions in weather conditions 
cause variations in the atten- 
uation of overhead lines. 
Measurements made in the 
United Kingdom tend to show 
that for the relatively short lines involved (up to 
100 miles), and excluding the condition of the 
deposition of solid ice on the line, the variations 
to be expected only amount to a few decibels 
which would not seriously degrade a good 
quality telephone circuit. Turnjng now to the 
case of the depositiom of solid ice on the conduc- 
tors, which fortunately is rare in the United 
Kingdom, the attenuation rise is so considerable, 
possibly as much as eight times, that if it occurred 
over any appreciable length of line the signal to 
noise ratio would be reduced to such an extent 
as to make the circuit unusable. Because of 
this and the fact that experience over the last 
20 years has provided no evidence of breakdown 
in Britain from this cause, automatic gain control 
does not appear to offer any appreciable advan- 
tages. Cases have been recorded when power 
line carrier circuits without automatic gain 
control have remained in operation when all 
other means of communication with power 
stations have broken down due to adverse 
weather conditions. 


160 180 200 220 240 260 280 
FREQUENCY kc 


Fig. 2.—Insertion loss-frequency characteristic of 110 kV line 65 miles 
long using wide band coupling equipment. Curve A with line earthed 


and curve B with line isolated. 


further, usually provided for the alternative, 
and not the simultaneous, transmission of speech 
and signalling (supervisory control, teleprinter 
working, etc.) facilities required by power 
utilities. 

In order to appreciate the reasons for the 
choice of single side-band carrier suppressed 
(S.S.B.) carrier equipment in the United King- 
dom as the most suitable for power line carrier 
working, it is necessary to discuss briefly the 
causes of noise on power line carrier circuits. 
This noise may be divided into two types which 
will be called generated noise and induced noise. 
The first type is caused by the fact that on any 
energised power line, particularly in bad weather, 
innumerable leakage paths are continually 
forming over the insulators and being broken 
down by the high voltage on the line. These 
together with corona discharge act as rectifiers 
and modulate the carrier or any other high fre- 
quency signal transmitted over the line. It will 
be clear that there will be no improvement in 
the signal to noise ratio due to generated noise 
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if the high frequency power transmitted to line 
is increased. On the other hand, if a suppressed 
carrier system is used, the absence of signals 
during silent periods avoids background noise 
due to modulation of the carrier. Hence it is an 
advantage to suppress the carrier. The second 
type of noise, induced noise, is wide band noise 
caused by corona, insulator spitting, static and 
pick-up from other energised lines and radio 
stations, etc. This noise is directly proportional 
to the band width occupied by the signal. In 
this case, increasing the high frequency power 
transmitted will improve the signal to noise 
ratio. Considering now A.M. carrier systems it 
will be seen that these systems occupy twice as 
much frequency space as the original unmodu- 
lated audio frequency band, and further they 
transmit a carrier frequency which is of no use 
in conveying intelligence. Both of these factors 
make the A.M. system bad from the signal to 
noise ratio point of view. 

Turning now to the possible alternatives to 
A.M., frequency modulation (F.M.) at first 
sight appears to be an ideal solution. In this 
system the carrier is modulated with respect to 
frequency instead of amplitude, and any inci- 
dental amplitude modulation is eliminated by 
the use of limiters in the receiver. This type of 
modulation does, however, require a high 
deviation ratio to obtain a distortion-free circuit, 
and occupies a large amount of the available 
frequency spectrum. As the deviation ratio is 
decreased the signal to noise ratio also decreases 
and non-linear distortion increases. It can be 
shown that to obtain an improvement in the 
signal to noise ratio of about ten decibels over 
the equivalent A.M. system a deviation ratio of 
about two is needed. Thus to obtain a ten decibel 
improvement an audio band extending up to 
4,000 cycles per second would require a band- 
width more than 16 ke wide for its transmission. 

The second alternative to an A.M. system is 
the S.S.B. system with carrier suppressed. This 
system is equivalent to translating the audio 
frequencies directly to the high frequency with- 
out the addition of carrier. It is a system on 
which considerable development work has been 
done over the last 20 years for use in long dis- 
tance carrier telephone circuits. It can be calcu- 
lated that compared with an A.M. system the 
S.S.B. system gives an improvement of about 
9 decibels in the signal to noise ratio for similar 
radiation from the line, and at the same time 
occupies only half the space in the frequency 
spectrum. The following figures show the order 
of improvement in signal to noise ratio to be 
expected in practice by using S.S.B. equipment 
instead of A.M. equipment. The noise levels 
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measured with a weighted psophometer at a 
zero level point on a typical A.M. system work- 
ing with interphase coupling on a 132 kV line, 
90 miles long, were 2-5 millivolts with no carrier 
(induced noise) and 18-0 millivolts when carrier 
was being transmitted from the distant end 
(generated noise) with average weather condi- 
tions, rising to 38-0 millivolts with rain and mist 
all along the line. The corresponding figures 
measured on the S.S.B. system to be described 
later were 0-75 millivolts under average weather 
conditions and 2:2 millivolts with rain and mist 
all along the line. 

Considering now the relative merits of F.M. 
and S.S.B. systems giving similar performance 
it is felt that the following factors weigh heavily 
in favour of the S.S.B. system : 

(1) The advantage of economy of frequency 

space. 

(2) Ease of maintenance. 

(3) It is easy to add super-audio signalling 
circuits, completely independent of the 
speech, but with an F.M. system it is 
difficult to maintain a constant deviation 
ratio of two to one when transmitting a 
varying number of signals up to, say, eight 
independently. 
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Fig. 3.— Wide band line coupling equipment for linking 
power line carrier equipment to E.H.T. lines. 
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(4) Improved secrecy. Any signal radiated 
from the power line cannot be readily 
received on a normal domestic radio set 
because of the absence of carrier. 

(5) It is simpler to construct a flexible multi- 
circuit S.S.B. system than it is to con- 
struct a flexible miulti-circuit F.M. 
system. Such systems are now required 
to meet the needs of the control engineers 
of modern power systems. 

On the older types of carrier equipment all 
frequency dependent equipment was made fully 
adjustable and the setting-up procedure often 
involved the selection of the most suitable 
operating frequency. This frequency adjustment 
was in the main made necessary by the lack of 
knowledge about coupling equipment. The 
present British wide band coupling equipment 
makes it possible to decide the operating fre- 
quencies accurately in advance and provide 
S.S.B. terminal equipment without variable 
tuning. This equipment is built in conformity 
with modern carrier telephone technique instead 
of using radio technique as was previously 
done and is capable of providing power line 
carrier circuits which meet or closely approach 
the C.C.I.F. requirements for long distance 
telephone circuits. 

It will be appreciated that as, from the tele- 
phonic point of view, the power line is funda- 
mentally a two-wire circuit different frequencies 
must be used in the two directions of transmission 
in order to obtain full duplex operation. 

Two single side-band suppressed carrier 
systems with the development of which the 
writer has been closely associated will now be 
described. 

In both systems the basic audio frequency 
band has been extended from the usual upper 
limit to 4,000 cycles per second. The sub- 
division of the band 300 to 4,000 cycles per 
second is as follows :¢ 

300 to 2,700 cycles is used for speech, a 
frequency of 3,060 cycles for telephone 
calling, the frequencies 3,300, 3,420, 3,540, 
3,660, 3,780 and 3,900 cycles are used for 
independent signalling channels over which 
supervisory control and indication, remote 
metering and teleprinter may be operated. 
Any or all of these channels may be equipped 
either initially or at a later date. If it is desired 
to use an impulsing rate of greater than 40 
impulses per second this can be done by using 
only three channels at 240 cycles spacing. The 
super-audio frequency of 3,060 cycles has been 
used for telephone calling to enable it to be kept 
on during speech for supervision of calls between 
automatic exchanges. 


Another similarity between the two systems 
is that both have been designed to operate with 
four-wire telephones. Owing to the complete 
absence of side tone this type of telephone gives 
a considerable advantage when used in noisy 
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situations. Both systems can, of course, be used 
with a normal two-wire telephone by fitting a 
suitable two-wire to four-wire termination. To 
cater for automatic operation with four-wire 
telephones a four-wire private automatic ex- 
change is also available. A special feature of the 
four-wire exchange is that it provides for the 
switching of the 3,060 cycle signalling tone in 
addition to the speech. The advantage of this 
facility is that on a call which is routed over 
several carrier circuits connected together by 
automatic exchanges the impulsing is carried 
out in each case by the original impulsed tone 
instead of by signals that have been regenerated 
at each exchange. The average impulse distor- 
tion using this method is usually less than with 
the repetition of impulses at each station. With 
impulse repetition the impulse distortion is 
variable depending on relay adjustment and can 
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easily be greatly increased by the maladjustment 
of a single relay. With the other method, how- 
ever, although some distortion is introduced by 
each filter, this is a fixed quantity that is not 
influenced by the quality of the maintenance 
carried out on the equipment. As an example of 
the impulse distortion to be expected using this 
method, a signal having an initial impulse ratio 
of 50 to 50 had a ratio of 45 to 55 after detection 
following the transmission over eight carrier 
circuits in tandem. 

The first system to be described is a multi- 
circuit system which has been designed for 
maximum flexibility to allow any number of 
circuits to be equipped, up to a maximum of eight 
for transmission over one feeder. Once the 
initial circuit or circuits have been installed, 
further circuits can easily be added later up to 
the maximum of eight and within the system 
planning requirements mentioned earlier. 

Fig. 4 shows in simplified block schematic 
form an eight circuit terminal. For clarity, only 
channel one is terminated fully. 

In order to provide maximum flexibility and 
simplicity of filter design double modulation is 
used. The eight 4,000 cycle audio bands are all 
used to modulate a 12 kc carrier, balanced metal 
rectifier modulators being employed. The 
appropriate side-band 8 to 12 kc or 12 to 16 ke 
is then selected by a good coil and condenser 
filter. In the case of the odd numbered channels, 
1, 3, 5 and 7 the lower side-band 8 to 12 kc is 
selected, while the upper side-band 12 to 16 kc 
is selected for the even numbered channels, 2, 
4,6 and 8. The selected side-bands of channels 
1 and 2 are then combined to form a sub-group 
containing two channels in the band 8 to 16 kc. 
Channels 3 and 4, 5 and 6, 7 and 8 are also 
combined in a similar manner, thus forming 
four sub-groups each with a band 8 to 16 kc. 
In the second modulators each of these groups 
is used to modulate a carrier, whose frequency 
is chosen to translate the sub-group to the 
desired position in the frequency spectrum. 
The required side-band is selected by means of 
a simple coil and condenser filter. This filter 
can be kept fairly simple and at the same time 
minimise crosstalk by choosing the second 
carrier frequencies so that in each case the 
unwanted side-bands do not occupy the same 
frequencies as the wanted side-bands of other 
sub-groups. After the second modulators the 
sub-groups are brought together by the com- 
bining transformers to form a band 32 kc wide. 
This band is then amplified and after passing 
through the directional filters, which separate 
the transmit and receive frequency bands, is 
transmitted to line via the coaxial cable and 
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wide band coupling equipment. The receiving 
portion of the equipment is the reverse of the 
transmit portion except that there are no high 
frequency amplifiers. Amplification and equali- 
sation are carried out at audio frequency before 
the audio band 1s split into its component parts. 
It should be noted that for flexibility first and 
second modulators and carrier oscillators need 
be equipped only for the circuits actually re- 
quired. Extensions can, however, be carried out 
easily at a later date. Another feature is that a 
“through” circuit at any station need not be 
reduced to audio frequency but can be selected 
from the other circuits at intermediate frequency 
and after remodulation with a carrier frequency 
be retransmitted to line. 

For reliability the oscillators and amplifiers 
which serve all circuits are provided in duplicate 
with automatic changeover. This applies to the 
12 ke oscillator, the 3,060 cycle telephone sig- 
nalling oscillator and the line amplifiers. If the 
user considers it desirable the carrier oscillators 
may also be duplicated but this is not usually 
considered necessary. Where several systems 
are installed in the same station it is uneconomic 
to fit each with spare line amplifiers, and up to 
four systems can be served by the same spare 
line amplifier with automatic selection and 
changeover facilities. 

In order to obtain the required frequency 
stability accurate and stable oscillators are 
required. The 12 kc oscillator is a temperature 
stabilised coil and condenser oscillator while the 
carrier oscillator is of the crystal type. The 
maximum asynchronism of two terminals is 
five cycles per second over an ambient tempera- 
ture range of zero degree centigrade to 40 degs. 
centrigrade. 

The high frequency power output when 
sending a one mulliwatt 800 cycle tone at a zero 
level point on any one channel is a quarter of a 
watt. This has been found to be sufficiently high 
to provide zero equivalent audio circuits over 
lines with attenuations up to about 35 decibels. 
Further, by the adjustment of audio attenuator 
pads it is possible to obtain a zero equivalent 
circuit with audio extensions at each end each 
having attenuations of up to ten decibels. The 
development of low power carrier systems in the 
United Kingdom instead of the high power 
systems used in America is mainly due to the 
severe radiation restrictions imposed by the 
British Post Office. 

The second S.S.B. system to be described is 
a non-extensible single circuit system. It pro- 
vides exactly the same facilities and quality as a 
single circuit of the multi-circuit system des- 
cribed above but will operate over lines having 














~ hh * — CD Am Od 





> § = O& UY 


© 


ee ee 


<< eo & 


“—onoo 1ao0owno 


a 


aoen 


Oo a< 


ie 


ie 
ie 


iS 


>= 


g 








attenuations up to about 40 decibels. It is a 
single modulation system designed for carrier 
frequencies of between 80 ke and 200 kc. To 
economise in carrier oscillators, which are again 
of the crystal type, the same carrier frequency is 
ised for both directions of transmission. Provi- 
sion of full duplex operation is obtained by 
transmitting the lower side-band in one direction 





Fig. 5.—Suite of multi-circuit power line carrier 
equipment terminal bays. 
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and the upper side-band in the other direction. 
Crystal filters are used to obtain the necessary 
suppression of the unwanted side-band. The 
high frequency transmit and receive circuits are 
combined for connecting to the line coupling 
equipment by means of a high frequency hybrid 
transformer. 

On both the above carrier systems monitor- 
ing facilities are provided. The alarm system is 
comprehensive, and wherever possible functional 
alarms instead of tube heater or anode alarms 
are used. Normally two types of alarm are given, 
an “urgent” alarm which indicates that the 
system has broken down and a “ non-urgent ” 


alarm which indicates that there is a fault but 
hat the system is still operating on duplicate 
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equipment. These two alarms can of course be 
combined into a single alarm if desired. 


FEEDER PROTECTION, 


The most recent type of carrier relaying equip- 
ment installed in Britain is of the phase com- 
parison type. This equipment requires a different 
carrier frequency for each direction of trans- 
mission. The output of a sequence network, fed 
from the feeder current transformers, is used to 
modulate the carrier with a square wave of power 
frequency. This is transmitted to the distant 
end for phase comparison with the output of the 
sequence network there to determine whether 
stabilisation or tripping shall take place. The 
operating time of this equipment is about three 
cycles. The equipment gives a stabilising angle 
of about 60° to allow for the normal phase 
change along the line and ensure system stability. 

Two-stage starting is employed, the first 
Stage starting the transmission of the modulated 
carrier and the second stage closing an isolating 
contact in the trip circuit. This is to ensure that 
a signal is being transmitted from each end 
before the trip circuit is prepared. There are 
two types of starting equipment available. The 
first is for normal use which starts the equip- 
ment operating at a preset fault setting and the 
second for use on feeders connected to power 
stations where the amount of plant on load is 
frequently changing. Under these conditions 
situations will arise where the normal load cur- 
rent at some times is greater than the maximum 
fault current at others. To avoid either the fre- 
quent adjustment of fault setting or the trans- 
mission of carrier for long periods a type of 
starting equipment is used which depends on 
the rate of change of current in the feeder. This 
starting equipment will bring the protection into 
operation for a few seconds each time there is 
a sudden change of feeder current due either to 
a fault or to a rapid change of load. 

To ensure maximum reliability of the feeder 
protection in cases where the wide band coupling 
equipment is used to transmit both carrier 
relaying and communications frequencies, the 
coaxial cable from the coupling equipment is 
always terminated in the relaying equipment. 
The connection to the communications equip- 
ment is made through a network which ensures 
that no fault in or maintenance work on the 
communications equipment can interfere with 
the efficiency of the feeder protection. 

For intertripping a new type of carrier inter- 
tripping equipment is now in use with an 
operating time of about 70 milliseconds. It can 
be used for either one way or both-way inter- 
tripping and is fundamentally for use on twin 
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feeders, but can equally well be used on single 
feeders. This equipment operates on a phase 
comparison principle and inadvertent tripping 
of the feeder cannot take place as a result of 
interference picked up by the line. At the trans- 
mitting end the output of a 40 cycle oscillator is 
used to modulate both of two carrier frequencies. 
In each case the carrier frequency is suppressed 
and both side-bands are transmitted to line, but 
in one case the phase of the 40 cycle input is 
changed by 45° before modulation occurs. At 
the receiving end the pairs of side-bands are 
selected by filters and in each case one side- 
band is demodulated against the other producing 
two 80 cycle signals which differ in phase by 
90°. The two 80 cycle signals are combined and 
rectified by a network that produces voltages 
which are equal in magnitude and polarity across 
the operating coils of two polarised relays con- 
nected in series. If it is desired to send a tripping 
signal for one feeder the phase of the 40 cycle 
input to the first modulator is also changed by 
45°, which results in the two 80 cycle signals at 
the receiving end being in phase causing a cur- 
rent to flow through the relay coils and operating 
one of them. To trip the other feeder the 40 
cycle input to the other modulator is changed 
by a further 45° which results in the two 80 
cycle signals at the receiving end having a phase 
difference of 180°. This causes a current to flow 
in the opposite direction through the relay coils, 
operate the other relay and cause tripping. 

As with carrier relaying the carrier inter- 
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tripping equipment can be transmitted through 
the same coupling equipment as communication 
circuits without causing interference. 


POWER SUPPLIES. 


All the carrier current equipment mentioned 
above requires the same power supplies which 
are direct voltages of 250 volts and 50 volts and 
an alternating current supply for tube heaters. 
These are conveniently obtained from the local 
low tension alternating current supply by using 
suitable rectifiers and transformers, a standby 
supply being obtained from an automatic starting 
rotary converter driven by the station switching 
battery or an alternator driven by a prime mover. 
Although this is usually satisfactory for com- 
munication equipment where an interval of 
several seconds can be tolerated while the stand- 
by machine is running up to speed, it cannot be 
tolerated for relaying equipment where the supply 
failure for a short time might easily result in 
the failure of the protection equipment to trip 
a faulty feeder. In this case special maintaining 
equipment is used to maintain the required out- 
puts over the interval between the failure of the 
mains supply and the running to speed of the 
standby machine. 
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